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Radar Studies o f  the D ynam ics o f  the M esosphere  and Low er T herm osphere
Abstract
M eteor radars are powerful tools for the study o f the atmosphere at heights between 
-80-100 km. These heights span the boundary between the mesosphere and the lower 
thermosphere (MLT) and include the temperature minimum o f the mesopause -  the 
coldest naturally occurring place on Earth.
This thesis describes studies made using two modem VHF meteor radars. The first was 
installed at Esrange (6 8 °N, 21°E) in Arctic Sweden in October 1999. The second was 
deployed on Ascension Island (8 °S, 14°W) in the equatorial Atlantic in May 2001.
The work is in three parts. The first part is a study o f  the behaviour o f the 8 -hour tide at 
Arctic latitudes undertaken with the Esrange meteor radar. The tide is found to be a 
persistent feature o f the Arctic MLT region and, at times, its amplitude can exceed that 
o f the 24-hour tide. This study investigates the possible excitation mechanisms o f this 
tide - proposals for which have included either direct thermal excitation or non-linear 
coupling between the 12- and 24-hour tides. The results suggest that, at least some o f the 
time, non-linear interactions may contribute to the excitation o f  the tide.
The second part uses one year o f data from the Ascension Island radar to construct a 
simple climatology o f the mean winds and 12- and 24-hour tides in the equatorial 
region. The mean winds reveal the clear signature o f  the planetary-scale Dobson-Brewer 
circulation. Comparisons with simultaneous observations made at higher latitudes 
suggest that the circulation may contain significant longitudinal structure. The tides are 
found to be a major part o f the MLT-region motion field over Ascension Island. 
Comparisons with the NCAR HAO Global Scale Wave Model and equatorial 
observations o f tides made elsewhere reveal a number o f significant differences and 
points to the potential importance o f non-migrating tides.
The final part investigates the planetary-wave field in the M LT region over Ascension 
Island. A rich and varied field o f  planetary waves is evident. Detailed studies address the 
quasi-two-day wave, ultra-fast Kelvin waves with periods near three days and the 16- 
day wave. The seasonal behaviour and variability o f  each type o f  wave is delineated. 
Observations o f ultra-fast Kelvin waves suggest that the effects o f inertia-gravity waves 
must be considered in the analysis o f such waves.
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Chapter 1 
An Introduction to the Mesosphere & 
Lower Thermosphere
1.1. Introduction
The mesosphere and lower thermosphere is that part o f the Earth’s atmosphere at heights 
between -50 -1 0 0  km. It is in this region that processes critical to the coupling o f  the 
lower, middle and upper atmosphere take place. Despite the crucial role the MLT 
region plays in the vertical coupling o f the atmosphere it is still one o f the least 
understood layers o f the atmosphere. This lack o f understanding is due to the difficulty 
in observing the MLT region; only in recent decades have continuous measurements o f 
the region been possible.
The dynamics o f the M LT region are dominated by large-scale waves and tides o f very 
large amplitude. These large amplitudes are a consequence o f the upward propagation 
o f waves and tides from their source regions in the lower atmosphere into progressively
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less dense layers. The density o f the atmosphere decreases exponentially with 
increasing height and so disturbances o f negligible amplitude in the lower atmosphere 
can be massively amplified by the time they have ascended into the M LT region. Strong 
non-linear interactions occur between the large amplitude waves, tides and mean winds 
o f the M LT region. These interactions result in a strongly coupled system and influence 
the wave propagation characteristics o f the entire layer, acting as a filter on the waves 
and tides ascending out o f the M LT region into the thermosphere.
The large amplitudes o f the waves and tides in the M LT region promote various forms 
o f instability, causing some waves and tides to ‘break’, transferring their energy and 
momentum into the mean flow. This energy and momentum transfer drives the 
planetary-scale circulation o f the entire M LT region into states far removed from those 
predicted from consideration o f pure radiative equilibrium.
This wave driving results in features unique to the M LT region including temperatures 
at the summer pole as low as 130 K (making the summer polar mesosphere the coldest 
place on earth), Noctilucent Clouds (NLC), which are the highest clouds in the 
atmosphere; and wave-driven semi-annual and biannual oscillations in the equatorial 
atmosphere.
This Chapter is an introduction to the M LT region. The dynamics o f the mesosphere 
and lower thermosphere are outlined in Section 1.2, while Section 1.3 discusses the 
generation, propagation and effects o f atmospheric waves and tides.
1.2. The Structure and Dynamics of the Mesosphere and 
Lower Thermosphere
The mesosphere is bounded at the bottom by the stratopause, and at the top by the 
mesopause. The mesopause, like the tropopause and stratopause, is a region where the 
vertical gradient o f temperature (lapse rate) is zero. Recent studies have shown that the 
mesopause usually exists at one o f two heights. A t middle and high latitudes in the 
summer hemisphere the mesopause occurs at a height o f about 85 km, at all other 
latitudes the mesopause occurs at a height o f around 100 km (von Zahn et al., 1996).
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The tem perature, pressure and density structure o f  the atmosphere are illustrated in 
Figure 1.1. Both pressure and density decrease exponentially with height, the rate o f 
this decrease changing slightly with altitude. The tem perature and pressure information 
shown in Figure 1.1 come from the CIRA-86 model and the density information from 
the M SISE-90 model.
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Figure 1.1. Temperature, pressure and density profiles from the CIRA-86 
and M SISE-90 models (temperature and pressure data from the CIRA 
model, density data from the MSISE model). Note the various layers o f  the 
atmosphere are defined by the temperature structure o f  the atmosphere. The 
latitudes shown correspond to the approximate locations o f  Esrange and 
Ascension Island. (CIRA model data from British Atmospheric Data Centre 
Website (http://badc.nerc.ac.uk/data/cira/), MSISE model data from World 
Data Centre for Solar-Terrestrial Physics
(http://ww w.wdc.rl.ac.uk/wdccl/m sise90.htm l)
The mesosphere is only weakly heated by solar radiation, and so tem perature decreases 
with height in the mesosphere (i.e. a positive lapse rate). The mesopause is the coldest 
naturally occurring place on earth, with minimum temperatures o f around 130 K, 
occurring in the summer months (see Section 1.3.3. for more details o f this 
phenomenon). Temperatures in the mesosphere are so low that even in the very dry air 
o f  the mesosphere ice clouds can form over the polar regions, these clouds are most 
visible just after sunset as Noctilucent Clouds (N LC ’s). Note N L C ’s are seen in the 
sum m er months, and exhibit a considerable interannual variability in occurrence rates 
(N L C ’s are observed 10-50 nights per sum m er season over North-W est Europe). This
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variability is probably due to the influence o f planetary wave activity (Kirkwood and 
Stebel, 2003).
M odelling studies (Akmaev and Fomichev, 1998) suggest that doubling atmospheric 
CO2, would produce a 1-2 K increase in temperature at sea level, and an -15  K decrease 
in M LT-region temperatures. This amplified temperature change due to increased CO2 
levels highlights the great importance on long-term temperature measurements o f  the 
M LT region. In fact, the MLT region has been described as the “m iner’s canary” o f 
climate change (Thomas, 1996).
1.2.1. Radiative Equilibrium  - A Simple General Circulation Paradigm
To understand the role o f wave driving in the M LT region it is useful to consider the 
mean structure the M LT region would assume in the absence o f such driving. This can 
be done by considering the behaviour o f the atmosphere under conditions o f pure 
radiative equilibrium.
A system is in radiative equilibrium if the radiative heating and cooling rates are equal, 
i.e. the system has a steady state temperature structure. In the case o f an atmosphere in 
radiative balance, the temperature structure would be largely determined by the heating 
and cooling produced by CO2, H2O, O2 and O 3. Infra-red emission by CO2 is 
responsible for most o f the observed cooling o f the atmosphere and the absorption o f 
solar energy by H2O and O3 are responsible for most o f the observed heating o f the 
atmosphere.
Considering heating and cooling rates separately, in the troposphere solar heating o f 
H2O causes most atmospheric heating. This source produces a heating rate o f ~1 K day'1. 
In the stratosphere UV absorption by O3 is the most important heating mechanism, 
producing heating rates o f ~10 K day'1. In the lower thermosphere the heating rate 
steadily drops as O3 concentrations decrease. However, above 75 km heating rates 
increase again as excitation o f O2 becomes the dominant heating source (a secondary 
peak o f O3 heating is also calculated at these heights).
The most important cooling agent in the troposphere is H2O. In the stratosphere, 
mesosphere and lower thermosphere infrared emission by CO2 and O3 are the dominant 
cooling mechanisms.
4
C hapter 1 ~ An Introduction lo the M esosphere  and Low er Thermosphere
Figure 1.2 presents the zonally-averaged solstical temperature profile o f the atmosphere, 
assuming pure radiative equilibrium. Immediately apparent are the higher temperatures 
at all heights in the stratosphere and mesosphere at the summer pole, reflecting the fact 
that the summer pole is in continual sunlight, while the winter pole is in continual 
darkness.
The importance o f O3 in heating the atmosphere is also apparent, with maximum 
temperatures predicted to occur at the stratopause. At this height the summer polar 
temperature is -300  K whereas at the winter pole the temperature is -  220 K. The 
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Figure 1.2. Calculated radiative equilibrium zonally averaged temperatures 
in solstice conditions. Units are K (Geller, 1983)
This temperature structure (the preferential heating o f one pole over the other) produces 
horizontal pressure gradients, which in turn produce movement in the atmosphere. In 
the simple case where only pressure gradient and Coriolis forces apply, this results in 
geostrophic flow. Figure 1.3 shows the forces acting on an air parcel in geostrophic 
flow. Note that the flow is parallel to the isobars. The middle atmosphere is heated 
more at the summer pole than the winter pole, therefore the resulting pressure force is 
directed from the summer pole to the winter pole. The Coriolis force in combination
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with the pressure gradient force results in strong eastward winds in the winter 
hemisphere, and strong westward winds in the sum m er hemisphere as shown in Figure 
1.4 (via the thermal wind equation which relates a shear in the geostrophic low to a 
north-south temperature gradient).
FORCES ACTING ON AN AIR PARCEL IN 


















Figure 1.3. Schematic diagram illustrating the geostrophic balance o f  forces 
on an air parcel in the winter Northern Hemisphere, the dotted lines denote 
isobars. Pn is the pressure gradient force, C is the Coriolis force and V g is 
the resultant geostrophic velocity.
In the case o f the hypothetical radiative equilibrium temperature structure o f  Figure 1.2 
the resultant zonal flow calculated using the temperature structure o f Figure 1.2 and the 
thermal wind equation, is shown in Figure 1.4. Note that, due to the breakdown o f 
geostrophic balance at the equator (the Coriolis force tends to zero at the equator), 
equatorial winds cannot be calculated.
The distinguishing features o f  radiative equilibrium are very strong zonal winds that 
increase with height. These winds are dominated by a summer polar je t at heights o f 
~90 km, and even stronger zonal winds in the winter hemisphere. Note that under 
radiative equilibrium no vertical or meridional flows are predicted.





















Figure 1.4. Geostrophic zonal mean winds calculated from the radiative 
equilibrium temperatures shown in Figure 1.2. No values are shown near 
the equator because o f  the inapplicability o f  the geostrophic formula there.
Units are ms'1, and eastward winds are positive while westward winds are 
negative (after Geller, 1983).
1.2.2. The Observed General Circulation
A striking feature o f the real atmosphere is that the temperature structure and winds 
predicted from radiative equilibrium are not observed. The temperature structure and 
zonal mean winds from the empirical CIRA - 8 6  model for January conditions are shown 
in Figures 1.5 a-b. Note that although the CIRA - 8 6  model is now relatively elderly, it 
still reproduces the gross observed properties o f the atmosphere reasonably well. The 
temperature structure o f Figure 1.5a differs significantly from the radiative equilibrium 
model o f Figure 1.2. In the case o f radiative equilibrium, the summer stratosphere and 
mesosphere are hotter than their winter equivalents due to preferential solar heating. 
However, observations (e.g. CIRA model) show that at heights above ~  75 km this inter- 
hemispheric temperature gradient is reversed so the winter hemisphere is hotter than the 
summer hemisphere - a strongly counter-intuitive result. Further, the predicted steady 
increase in temperature from the winter to the summer pole at the tropopause is not 
observed, and in fact, the CIRA - 8 6  model displays a temperature minimum at the 
equatorial tropopause.
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Figure 1.5. a) The temperature structure and b) zonal mean winds generated 
using the CIRA-86 model in January conditions. The temperature is in 
Kelvin, and the wind in m s'1. Negative (positive) winds denote westward 
(eastward) winds.
The observed zonal mean winds o f Figure 1.5b are also strikingly different from those 
predicted by pure radiative equilibrium. At heights below 90 km, two pairs o f  jets are 
observed. The first pair, in the troposphere, are both directed eastward. The second pair 
o f  jets exist in the stratosphere and mesosphere. In the summer hemisphere the 
mesospheric je t flows westward, in the w inter hemisphere the je t flows in an eastward 
direction. However, whilst in the radiative equilibrium case the magnitude o f  the zonal 
mean wind increases with height, the observations show that above 90 km the 
magnitude o f the flow decreases and the flow eventually reverses direction.
The observed general circulation o f the atm osphere is thus seen to be in a state far 
removed from that described by radiative equilibrium alone. We must therefore look at 
the effects o f  the dynamical forcing o f  the atmosphere by atmospheric waves, and in 
particular the effect o f  the deposition o f  energy and momentum into the atmosphere by 
dissipating waves.
1.2.3. The Effect of W ave Driving on the Dynamics of the M iddle A tm osphere
The action o f an additional, frictional, or drag force acting on the mean flow can explain 
the differences between the real atmosphere and the flow predicted by consideration o f
8
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pure radiative equilibrium. This frictional force would act against the flow, regulating 
the zonal wind speeds and lowering them to the observed levels. This drag force is 
believed to be caused by breaking/dissipating atmospheric waves depositing momentum 
into the atmosphere, and hence is called ‘wave drag'.
With the addition o f  this drag force, the geostrophic balance shown in Figure 1.3 is 
m odified. The Coriolis force and the drag force now balance the pressure gradient force 
such that P n = C + D. This new balance is shown in Figure 1.6. From Figure 1.6 it can 
be seen that the balance o f forces has produced an air parcel velocity that crosses the 
isobars, this produces a slower zonal flow and produces a meridional flow. Note that air 
parcels in both the summer and winter hemispheres flow toward the winter pole and 

































Figure 1.6. The effect o f  the addition o f  a drag force on geostrophic 
balance. The dotted lines mark the isobars with pressure decreasing to the 
north. Pn is the pressure gradient force, C is the Coriolis force, D is the drag 
force and V is the resultant air parcel velocity.
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This meridional flow produces a convergence o f air over the winter pole and a 
divergence above the summer pole. This motion in combination with the principle o f 
continuity produces vertical winds in the polar regions. An upward flow is induced at 
the summer pole. This upwelling air from the stratosphere cools adiabatically producing 
the observed cold summer mesopause. The opposite occurs at the winter pole. Here, a 
downwelling o f air results in adiabatic heating, thus warming the winter mesopause. 
These sources o f heating and cooling actually reverse the pole-to-pole temperature 
gradient predicted under radiative equilibrium.
The addition o f wave drag into the radiative equilibrium model produces a reversal o f 
the pole-to-pole temperature gradient (Figures 1.2 and 1.8), in the upper mesosphere. 
This ‘reversed’ temperature gradient acts through the thermal wind equation to reverse 
the direction o f the zonal flow, closing the mesospheric jets and results in an eastward 
je t in the summer hemisphere and a westward je t in the winter hemisphere in the lower 
thermosphere.
The magnitude o f the induced vertical flows in the polar regions are too small to 
measure directly (few cms’1). However the induced adiabatic heating and cooling can 
be used to infer their magnitude. At heights below ~30 km the flow is quite different 
and consists o f an equator-to-pole flow in each hemisphere. Figure 1.7 shows the full 
circulation consisting o f the cross equatorial flow at heights above ~ 30 km, and an 
equatorial upwelling with subsequent poleward transport at heights below ~  30 km. 
This is called the Dobson-Brewer circulation. The required wave-drag is caused by 
gravity waves dissipating in the mesosphere and planetary waves dissipating in the 
stratosphere.
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Figure 1.7. Calculated mass meridional stream function in units o f  kgm 'V 1 
during the Northern Hemisphere winter solstice (after Garcia and Solomon,
1983).
The result o f  adding wave drag to the radiative equilibrium model detailed in Figures 1.2 
and 1.4 is shown in Figures 1.8-1.9. Figure 1.8 shows the temperature structure 
generated by the modified radiative equilibrium model. Figure 1.9 shows the 
corresponding zonal mean winds. The effect o f this drag on the temperature field and 
mean flow is dramatic. The temperature structure o f the model atmosphere becomes 
more realistic and reproduces the observed cold summer mesopause. The model zonal 
wind field also develops a pair o f mesospheric jets similar in magnitude and structure to 
the jets observed in the real atmosphere.
In summary, the effects o f wave drag on the temperature structure and general 
circulation o f the atmosphere are very important, and include the observed cold summer 
mesopause and vertical and meridional winds.
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Figure 1.8. Temperature structure generated by the radiative equilibrium 











Figure 1.9. zonal mean wind generated by a radiative equilibrium model 
when wave drag is included (after Geller, 1983).
1.3. Waves
Waves and tides dominate the dynamics o f the middle atmosphere. As we will see in 
this Section, waves and tides play a very important role in determining the observed 
temperature structure and winds o f the middle and upper atmosphere. The dominant 
types o f wave in the stratosphere, mesosphere and lower thermosphere are known to be 
gravity waves, tides and planetary waves.
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Gravity waves are meso-scale oscillations in which the restoring force is buoyancy (i.e. 
gravitational forces acting on a vertically displaced air parcel in a stably stratified 
atmosphere). At lower frequencies, the Coriolis force acting on the air parcels becomes 
significant and the motion is better described as an inertia-gravity wave.
The atmospheric tides are planetary-scale oscillations caused by i) periodic solar heating 
o f atmospheric H2O and O3, ii) the m oon’s gravitational pull (these lunar gravitational 
tides are an order o f magnitude smaller than their solar heating induced counterparts), 
iii) the sun’s gravitational pull (the tidal force exerted by the sun on the atmosphere is a 
factor o f ~ 2  less than that generated by the moon and therefore results in motions 
smaller than lunar gravitational tides) and iv) non-linear interactions between 
propagating tides and stationary planetary waves.
Planetary waves are planetary-scale oscillations that include Rossby waves, Rossby- 
gravity waves and Kelvin waves. Rossby waves consist o f purely horizontal motions 
ultimately resulting from the conservation o f absolute vorticity and the poleward 
gradient o f  planetary vorticity. Rossby-Gravity waves, occasionally called Yanai waves, 
consist o f  horizontal and vertical motions, and are the middle ground between the pure 
vertical motions o f a high-frequency gravity wave and the purely horizontal motions o f a 
Rossby wave. Kelvin waves are similar to inertia-gravity waves, but are only observed 
at the equator and close to sharp boundaries, such as mountain ranges.
In all o f  these cases, a critically important point to note is that in the absence o f any 
dissipation the amplitude o f a wave will increase with height. This is due to the 
exponential decrease o f atmospheric density with height, as shown below.
In the absence o f dissipative effects, kinetic energy per unit volume, E, is conserved, 
therefore:
E = - p A 2 1.1 
2
where p is density and A is the amplitude o f the wave. The density o f the atmosphere 
decreases exponentially with increasing height, z, as:
P = Po exP 1.2
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The rate o f this decrease is defined by the scale height, H, which is dependent on 
temperature, T, mean molecular mass, m, the acceleration due to gravity, g, and 
B oltzm ann’s constant, k, such that (Beer, 1974):
H  = *L
mg
1.3
The conservation o f energy per unit volume therefore implies an exponential increase in 
wave amplitude as height increases (equation 1.4). This increase compensates for the 
decrease in atmospheric density and so conserves wave energy per unit volume.
A = A0 exp - H
2H
.4
This implies that small amplitude (few cm s'1) waves generated in the troposphere, 
through orographic and convective processes, can grow to amplitudes o f  the order tens 
ms"1 in the upper atmosphere. A schematic illustration o f this exponential increase o f 






Figure 1.10. Schematic illustration showing the variation o f  wave 
amplitude with height in an atmosphere in which density decreases 
exponentially with increasing height.
Note that this behaviour is also apparent in temperature, pressure and density. 
Temperature perturbations are caused by air parcels being displaced vertically by a 
passing wave packet. The resulting adiabatic heating/cooling is proportional to the 
vertical displacement o f  the air parcel. Therefore, as the amplitude o f  a wave increases
14
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with increasing height (equation 1.4) the resulting temperature perturbations also 
increase. Linear perturbation theory also reveals that pressure and density perturbations 
associated with a passing wave packet are proportional to the temperature perturbations 
caused by the wave packet (Holton, 1979). It is therefore recognised that not just wind 
perturbations, but also temperature, pressure and density fluctuations associated with a 
wave will grow with increasing height due to decreasing atmospheric density.
We will now consider each major type o f  atmospheric wave in turn.
1.3.1. Gravity Waves
Gravitv waves are waves in a stablv stratified fluid where the ‘restoring force’ o f  the 
motion is buoyancy. Gravity waves can exist in any stably stratified fluid, and are 











Figure 1.11. A schematic illustration displaying the temperature change o f  
an air parcel displaced vertically and adiabatically as compared to the 
environmental lapse rate.
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The presence o f a gravity wave in a specific environment depends on the whether the 
lapse rate o f the environment is greater than or less than the adiabatic lapse rate. The 
adiabatic lapse rate is a measure o f the temperature change an air parcel would 
experience if  raised or lowered adiabatically.
Consider the behaviour o f a vertically displaced air parcel in the case o f the 
environmental lapse rate being less than the adiabatic lapse rate as illustrated in Figure 
1.11. The air parcel starts with a temperature and pressure equal to that o f the 
surrounding atmosphere at a height o f Zo. We will assume an instantaneous equalisation 
o f pressure between the air parcel and the surrounding atmosphere. In this situation if  
the air parcel is moved downward from Zo to Zd it will be adiabatically heated from an 
initial temperature To to To- The air parcel is therefore hotter by an amount ATd, and 
less dense, than the surrounding atmosphere and therefore has positive buoyancy. This 
positive buoyancy produces an upward force on the air parcel. In the case o f an air 
parcel displaced upward from Zo to Zu, the parcel is cooled from initial temperature To 
to Tu. This produces an air parcel that is colder by an amount ATU than the surrounding 
atmosphere and hence is less dense than the surrounding atmosphere, implying negative 
buoyancy and a downward force on the air parcel. In this situation the difference 
between the adiabatic and environmental lapse rates yields a restoring force acting on 
the air parcel that is proportional to the vertical displacement o f the air parcel from its 
equilibrium position, Zo. This is a condition o f simple harmonic motion, and results in 
the air parcel oscillating vertically about its equilibrium position. The frequency o f the 
air parcel oscillation is dependent upon the environmental lapse rate. The Brunt-Vaisala 
frequency is defined as the upper frequency limit that an oscillation can have when 
forced in this manner. In the M LT region the Brunt-Vaisala frequency corresponds to a 
period o f  ~5 minutes.
For the case where the environmental lapse rate is equal to the adiabatic lapse rate a 
vertically displaced air parcel will be heated or cooled such that it will always be at the 
same temperature as the immediately surrounding atmosphere. Therefore no buoyancy 
forces act upon the parcel as it is in the same state (pressure, temperature and density) as 
the surrounding atmosphere. Hence a vertically displaced air parcel will simply remain 
at its new height and no oscillations will result.
1 6
C hapter  1 -A n  Introduction to the M esosphere  and L ow er T herm osphere
In the case o f the environmental lapse rate being greater than the adiabatic lapse rate (i.e. 
super-adiabatic) then the atmosphere is unstable. In this situation an air parcel moving 
downward is always colder than the surrounding atmosphere. Therefore the air parcel is 
denser than the surrounding atmosphere and has negative buoyancy. This negative 
buoyancy produces a downward force that accelerates the parcel away from the 
equilibrium position, Zo. In the case o f an upwardly moving air parcel, the air parcel is 
hotter than the surrounding atmosphere. Therefore the air parcel will be less dense than 
the surrounding atmosphere and has positive buoyancy. This produces an upward force 
accelerating the air parcel away from the equilibrium position, Zo. Super adiabatic lapse 
rates are highly unstable and in the atmosphere very rapidly result in convective 
overturning which acts to remove the super adiabatic temperature gradient.
In summary, a vertically displaced air parcel will oscillate around an equilibrium level if 
the environmental lapse rate is less than the adiabatic lapse rate. This oscillation allows 
wave motions to propagate in the fluid in which the restoring force is buoyancy. 
Buoyancy itself is produced by gravity acting on the fluid and so wave motions o f  this 
type are commonly known as gravity waves.
A greater understanding o f the behaviour o f gravity waves can be gained by considering 
their dispersion relation. This relation can be derived by considering the equations o f 
momentum (equations 1.5a,b and c), continuity (equation 1.6) and the conservation o f 
energy (equation 1.7). Here we follow the method o f  Fritts and Alexander (2003) and 
consider the case o f a small disturbance from a mean position in an adiabatic 
atmosphere including both buoyancy and inertial forces.
dt p  dx
1.5a
dt p  dy
1.5b
dt p  dz
1.5c
p  dt dx dy dz
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—  = Q 1.7
dt
Where (u,v,w) is the fluid velocity vector, p and p denote the pressure and density o f  the 
atmosphere (Fritts and Alexander, 2003). The terms X, Y represent forcing, including 
wave-driving and diffusive mixing effects. 0  is potential temperature and /  is the 
Coriolis parameter (f=  2nsin<|), where Q  is the angular velocity o f the Earth’s rotation 
and <j) is latitude). In equation 1.7, Q represents any heating/cooling effects.
We will make an initial assumption that the background mean winds and the Brunt- 
Vaisala frequency do not vary significantly over spatial scales comparable to one 
vertical wavelength (the WKB approximation). Further, we will assume a wave solution 
to the linearised forms o f equations 1.5-1.7 exists in the form (Fritts and Alexander, 
2003):
(« ', v', w', -£■, ^ , -3 ) = (u , v , w, 6 , p , p )  exp[/(fcc + ly + mz -  w t + z/2H )] 1 .8  
0 p  p
where k, 1, m are the zonal, meridional and vertical wavenumbers H is the scale height 
and co is the wave frequency. Under these assumptions then the following dispersion 
relation can be derived (Fritts and Alexander, 2003):
* 2 co
(
k 2 + l2 + m 2 + 
v 4 H ‘
/  ^  = (A:2 + / 2 A 2 + L 2 + M ^ V  1.9 
2 c 2 , f  { 4 H 2/
where cb = (co -  ku j  is the intrinsic frequency, N  is the Brunt-Vaisala frequency and cs is 
the speed o f sound. Here the “intrinsic frequency” is the frequency o f the wave 
measured in the reference frame o f the medium through which the wave is propagating,
i.e. that measured with respect to the background mean wind.
This equation describes external waves, internal acoustic waves and internal gravity 
waves. Internal waves are wave motions that propagate vertically and horizontally 
within the fluid. External waves are oscillations trapped on density discontinuities 
within the fluid. Ocean surface waves are an excellent example o f external wave motion 
(the wave is trapped on the sharp interface between the water and the less dense air). 
Significant simplification o f the dispersion relation can be gained by setting the fifth
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term on the left hand side o f equation 1.9 to zero since cs » { k ,  1, m, H}. This converts
Note that the dispersion relation o f equation 1.10 still describes external gravity waves 
and internal gravity waves but not acoustic waves. This is much easier to see if  equation
1.10 is solved for the vertical wavenumber, m, to give:
two possible states o f m; one real and one complex. The two possible states o f m 
correspond to a distinct type o f horizontally propagating wave.
Complex vertical wavenumbers describe external waves. External waves propagate 
horizontally but are evanescent in the vertical. Ocean surface waves are an example o f 
external waves. From equation 1.11 it can be seen that external waves exist at intrinsic 
frequencies less than:
Real vertical wavenumbers correspond to vertically propagating internal gravity waves.
1.11 to the approximate frequency range N>co> f The lower frequency limit is caused
equation 1.11, where, as the intrinsic frequency, co, tends towards the Coriolis 
p a ram ete r,/ the vertical wavenumber, m, tends toward infinity. This means the vertical 
structure o f the wave is compressed. The inertial frequency ,/ is dependent on latitude 
and corresponds to periods ranging from 12 hours at the poles to infinity at the equator.




In the case o f a horizontally propagating wave (i.e. real k2 and l2) equation 1.11 allows
1.12
Here k, 1 and m are all real and the intrinsic frequency is therefore confined by equation
by disruption o f the gravity wave oscillation by the Coriolis force. This can be seen in
The upper frequency limit is the Brunt-Vaisala frequency, which is the natural frequency
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o f oscillation o f a vertically displaced air parcel. Throughout most o f  the atmosphere 
the Brunt-Vaisala frequency corresponds to periods o f  ~5 minutes.
Equation 1.11 reveals that, for a pure gravity wave, the higher the frequency o f the wave 
the more vertical its direction o f propagation. The direction o f propagation o f  the lower 
frequency, inertia-gravity waves is much more horizontal.
It can be shown that in the case o f a propagating internal gravity wave the group velocity 
and phase velocity o f the wave are orthogonal. This implies that a wave with an upward 
energy flow has downwardly moving phase fronts (see Figure 1.12).
Gravity waves are a very-easily excited type o f oscillation in the atmosphere. Common 
sources o f gravity waves include vigorous convection, flow over topography and 
ageostrophic readjustment. The sources o f gravity waves are thus mostly confined to 
the lower atmosphere. As gravity waves propagate upward through the atmosphere 
num erous processes may act upon them, including viscous and radiative damping, non­
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Figure 1.12. A schematic diagram showing the relationship between phase 
velocity, group velocity and energy flow  in a propagating internal gravity 
wave.
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Observations have shown that the exponential amplitude increase exhibited by upwardly 
propagating waves cannot be supported above a certain critical height. The cessation o f 
wave growth is known as saturation and is caused by the wave dissipating. A number o f 
theories have been proposed to explain this behaviour including convective and shear 
instability. W ave driving occurs when a wave dissipates. This dissipation o f waves 
transfers momentum and energy from the lower to the middle and upper atmosphere. 
The momentum transported by gravity waves from the lower atmosphere is responsible 
for driving the structure o f the middle atmosphere into states far removed from the 
radiative equilibrium case.
1.3.2. Tides
The atmosphere is heated by the Sun. The rather “square wave” profile o f the forcing in 
local time caused by solar heating sets up a series o f oscillations known as atmospheric 
thermal tides. In many ways these atmospheric tides are analogous to ocean tides. The 
periods o f these atmospheric thermal tides are integer harmonics o f a solar day (i.e. 24- 
hours, 1 2 -hours, 8 -hours, etc).
The atmosphere also contains gravitationally excited tides, i.e. tides that are produced 
due to the gravitational influences o f the sun and the moon. The largest o f these tides is 
the lunar semidiurnal tide; this tide has a period o f 12.42 hours (half a lunar day). The 
periods o f the lunar gravitational tides are linked to the orbital period o f the moon (24.84 
hours). The lunar atmospheric tide is generated in the lower atmosphere by the m oon’s 
gravitational attraction o f the atmosphere and the vertical motion o f  the oceans. 
Observations have shown that this tide can have amplitudes up to 4 ms ' 1 (at 90 km), 
however amplitudes o f 1-2 ms ' 1 are more typical (Stening and Jacobi, 2001).
The atmospheric thermal tides often dominate the motion o f the mesosphere and lower 
thermosphere. The 12- and 24-hour tides can reach amplitudes o f  several tens o f m s'1. 
For example, the meridional 24-hour tide over Ascension Island can reach instantaneous 
amplitudes o f  70 -  80 ms ' 1 (see Figure 1.13). Since the thermal tides dominate the 
motion o f the gravitational tides, only the thermally driven solar tides will be discussed 
here.
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Figure 1.13. An example o f  hourly wind data, at a height o f  90 km, 
measured by the Ascension Island meteor radar. Note the dominant 24-hour 
signal.
Atmospheric tides are a special type o f gravity wave, and as such can propagate 
vertically just as do gravity waves. This propagation is evident from two simple 
observations:
1. Downward phase progression is exhibited by tides. As discussed in Section
1.3.1, downward phase progression is indicative o f upward propagating 
wave energy.
2. Tides are observed in the M LT region even though little tidal forcing takes 
place in the M LT region. This implies that the tidal motions observed in this 
region were forced elsewhere in the atmosphere and propagated upwards 
into the MLT region.
A full derivation o f tidal theory is beyond the scope o f this work, and so only the main 
conclusions o f the theory will be discussed.
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Figure 1.14 a-c shows the distribution o f diurnal heating o f  the atmosphere in relation to 
height, latitude and local time. Figure 1.14a depicts the layers o f heating in the 
atmosphere. As can be seen, the primary heating is from H2O in the troposphere, O3 in 
the middle atmosphere and O2 and N 2 in the thermosphere. The latitudinal dependence 
o f solar heating is shown in Figure 1.14b and, as might be expected, the maximum solar 










Figure 1.14. A simple diagram depicting the distribution o f  heating in 
relation to a.) Height b.) Latitude c.) Local Time. Note: SR and SS denote 
time o f  sunrise and sunset. (Forbes, 1995)
The distribution o f heating with respect to local time is shown in Figure 1.14c. 
Immediately apparent is that heating only occurs during the day. Note the largely square 
wave heating profile. This distribution explains how diumal heating produces multiple 
tides, as a Fourier analysis o f this heating function produces a mean and 24-hour period 
variation plus a set o f significant harmonics including 1 2 -, 8 - and 6 -hour period 
components. These harmonics o f the heating rate are major drivers o f the observed 12- 
hour (semidiurnal), and to a lesser extent the 8 -hour (terdiumal) tides (see Chapter 3).
An equation describing the general structure o f a tide can be derived from the equations 
o f motion on a rotating sphere, the adiabatic equation and the equation o f continuity. 
The resultant tidal equation can be solved by the method o f separation o f variables. This 
breaks up the equation into Laplace’s tidal equation and the vertical structure equation 
(e.g. Beer, 1974).
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Atmospheric and oceanic tides can be described by Laplace’s tidal equation, in terms o f 
eastward and westward propagating global-scale waves on a sphere that are bound at the 
poles. The solution to Laplace’s equation consists o f eigenfunction/eigenvalue pairs. 
The eigenfunctions, ©n, are called Hough functions and describe the latitudinal structure 
o f any global-scale wave. A series o f spherical harmonics can be used to describe a 
Hough function but such a series is harder to work with (Sela, 1974). The eigenvalue, 
hn, is known as the equivalent depth.
Several Hough functions (or modes) exist for each tidal period, and are identified by 
zonal wavenumber, k, and meridional index, f 1. The meridional index provides 
information about a m ode’s latitudinal structure and equatorial symmetry, and is defined 
so that (|lj|-k) nodes appear in the Hough function between the poles. Negative values o f 
the meridional index imply that the mode is evanescent and does not propagate away 
from its source region.
A general mathematical expression for a tide is given in equation 1.12, where A is the 
amplitude o f the tide in a given field (wind, pressure, temperature or geopotential 
height), a  is frequency, t is universal time, X is longitude and k is zonal wavenumber 
(Hagan and Forbes, 2003).
A = A0 cos (<3t — kZ — (f) 1.12
In terms o f local time Or) for the nth harmonic (a n = ncrj = 2n(7t/24) h r '1) this becomes:
A = AQcos(<jntL - ( k  +ri)X-<f)  1.12a
Therefore, atmospheric tides can be split into two components: migrating and non­
migrating. By definition, migrating tidal components have k = -n, thus the longitude 
dependence in equation 1 .1 2 a drops out, implying migrating tidal components have the 
same local time variation with longitude (i.e. the tidal oscillation is Sun synchronous and 
there is no longitudinal structure). In the case o f the 24-hour (diumal) tide k = -1 and n 
= 1 and the tidal component migrates westward with the apparent motion o f the sun.
1 In classical tidal theory the letters m and n usually denote the zonal wavenumber and meridional index. The letter k has 
already been used earlier in this Section to denote zonal wavenumber and so its use is repeated here for continuity. The 
term 1; is used here to denote the meridional index as the letter n is used in the next discussion to denote the harmonic o f  
a tide.
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M igrating atmospheric tides are excited at heights between 0-150 km, by the excitation 
o f O (-150  km), 0 2 and N 2(100-150 km), 0 3 (30-70 km) and H20  (<15 km).
Non-migrating components can be thought o f as global-scale waves with tidal periods 
that, either do not propagate horizontally or propagate eastward or propagate westward 
more slowly or quickly than the apparent motion o f the sun. i.e. k ^  n. Longitudinal 
differences in topography, land-sea contrast and surface interactions produce 
longitudinal variations in the atmosphere, which may excite these non-migrating tidal 
components.
Equation 1.12 shows that the non-migrating components can have a longitudinal 
dependence (i.e. k + n ^  0 in equation 1.12a and so a dependence on longitude, X, 
remains). Annual average surface pressure amplitudes reveal the longitudinal 
dependence o f the tides (Hagan, Forbes and Richmond, 2003). In the case o f the 24- 
hour tide primary forcing is in the lower atmosphere where surface effects are important. 
This can be seen in surface pressure amplitudes where 24-hour tidal amplitudes 
maximise over South America, Africa and Australia, indicating the presence o f 
significant non-migrating components. Observations o f the 24-hour tide made by the 
HRDI and WINDII instruments (see Section 2.3.7) reveal that the major tidal 
components are the migrating (k = - 1) component and the non-migrating k = - 2  
(westward), k = 0 (stationary) and k = 3 (eastward) components (Hagan, Forbes and 
Richmond, 2003). Latent heat release associated with raindrop formation in deep 
tropospheric clouds is thought to play a large role in the formation o f  these non­
migrating 24-hour tidal components. In contrast, for the case o f the 12-hour tide, 
surface pressure amplitudes are nearly uniform with respect to longitude. This is due to 
the migrating 1 2 -hour component dominating the results; the 1 2 -hour tide is thought to 
be primarily forced by the excitation o f 0 3 in the middle atmosphere, the effect o f  this 
forcing easily propagating through the atmosphere due to the long vertical wavelength 
o f the generated 12-hour tide. Therefore, surface effects, and hence non-migrating 
components do not play an important role in determining the structure o f this tide.
Decoupling the migrating and non-migrating components o f a tide is impossible using 
data from a single ground station. Therefore, only longitudinal chains o f radars or 
satellite based measurements can study the different migrating and non-migrating 
components separately.
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Tides are the dominant observed motions in the M LT region. As model predictions and 
observations indicate, the tides maximise in amplitude at heights near the M LT region. 
This is therefore an ideal place to study tides. The amplitudes become so large at these 
heights that the tides are capable o f interacting strongly with both gravity waves and 
planetary waves. Hence, detailed modelling studies and global observations both have 
an important role to play in advancing our knowledge o f atmospheric tidal motions.
1.3.3. Planetary W aves
Planetary waves are globally coherent oscillations. Planetary waves can be observed as 
perturbations in measurements o f atmospheric parameters including winds, temperature, 
density and pressure, and can reach large amplitudes in the M LT region. For instance, 
the quasi-two-day wave can reach amplitudes over 50 m s'1. Planetary waves are 
important in understanding the dynamics o f the atmosphere and the transport o f 
chemical species such as O3. The large amplitude o f  these waves means that dissipating 
planetary waves can transport chemical species large distances in the atmosphere. In the 
case o f  the quasi-two-day wave an air parcel may be meridionally displaced by several 
thousand kilometres.
Several different types o f planetary wave can exist within the atmosphere; these include 
Rossby waves, Rossby-Gravity waves and Kelvin waves. Planetary waves can be 
further subdivided into free  and forced  modes. The free modes (e.g. quasi-two-day 
wave and 16-day wave amongst others) are natural resonances o f the atmosphere and 
are observed throughout much o f the neutral atmosphere. Free Planetary waves may be 
forced by random departures from geostrophic balance and by baroclinic and barotropic 
instability or heating effects. Such waves can exist in eastward and westward mean 
winds. Forced Planetary waves are often formed by flow over mountains and general 
topography.
Rossby waves consist o f purely horizontal air parcel motions resulting from the 
conservation o f absolute vorticity and the poleward gradient o f planetary vorticity. 
Rossby-Gravity waves, occasionally called Yanai waves, are a type o f planetary wave in 
which buoyancy forces are also important and so combine some o f the features o f both 
pure Rossby waves and inertia gravity waves. A Rossby-gravity wave will therefore 
induce both horizontal and vertical motions. Kelvin waves are unidirectional waves that
26
Chapter 1 An Introduction to the M esosphere  and Low er 'Thermosphere
are observed close to vertical barriers, such as mountain ranges, or as equatorial trapped 
oscillations.
1.3.3.1. Rossby W aves
Rossby waves are a type o f planetary wave in which the restoring force is due purely to 
the conservation o f absolute vorticity and the variation o f the Coriolis parameter with 
latitude. Air parcel displacements are purely horizontal, in contrast to the displacements 
induced by gravity waves that include a vertical component. Under certain conditions, 
Rossby waves can propagate vertically and they can transport momentum both 
horizontally and vertically.
To understand Rossby waves it is informative to investigate the “restoring forces” acting 
on an air parcel disturbed by a wave. Rossby waves conserve absolute vorticity where 
absolute vorticity (rj) is defined as the sum o f the vertical component o f planetary 
vorticity (f) and the relative vorticity (Q  (Andrews, Holton and Leovy, 1987), i.e.
d1  = d(£± f) = 0 1 B  
dt dt
W h e re ,/is  the Coriolis parameter and the relative vorticity, is defined as the curl o f 
the velocity vector, i.e.,
C, = k  • (V x u) 1.14
where u is relative velocity (i.e. that seen in our rotating frame o f reference and 
measured with respect to the Earth’s surface) and k  is the unit vertical vector (Andrews, 
Holton and Leovy, 1987). Therefore, £ is perpendicular to the surface o f the earth and is 
a measure o f the local rotation o f the atmosphere. The vertical component o f  the 
planetary vorticity is given by the Coriolis p a ram ete r,/ and represents the local vertical 
vorticity due to the rotation o f  the earth.
Equation 1.13 simply states that if  the vertical component o f planetary vorticity 
increases then relative vorticity must decrease and vice versa. Figure 1.15 demonstrates 
the effect o f this mechanism on a displaced air parcel, in the Northern Hemisphere. An 
air parcel initially moving eastward in a purely zonal flow along a circle o f latitude has
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no local rotation about a vertical axis and hence has zero relative vorticity, i.e. C, = 0. If 
the air parcel were to be displaced toward the pole the planetary vorticity o f  the parcel 
(/) would increase. Since the absolute vorticity must be conserved, the relative vorticity 
o f the air parcel (Q  would decrease thus spinning the air parcel clockwise about a 
vertical axis. This clockwise rotation o f the parcel combined with its eastward motion 
induces a southward flow ahead (i.e. to the east) o f  the parcel directing it back 
equatorwards toward its equilibrium position. As the parcel overshoots its equilibrium 
latitude, the reverse occurs, the relative vorticity o f  the parcel decreases and the 
planetary vorticity increases. This spins the parcel anticlockwise inducing a northward 
motion directing it back to its equilibrium position. These air parcel rotations provide a 
conceptual explanation for the westward propagation o f planetary waves with respect to 
the mean flow.
Figure 1.15: A schematic diagram showing the relation between planetary 
vorticity, relative vorticity and an air parcel displaced from its equilibrium  
position, in the Northern Hemisphere.
Insight into the nature o f  Rossby waves can be found by investigating the general 
dispersion relation for a 3-dimensional Rossby wave in the beta-plane approximation, 
where the Coriolis parameter, f  varies linearly with latitude. Following from the 
equations o f the conservation o f  momentum and continuity the following dispersion 
relation for Rossby waves can be derived (Andrews, Holton and Leovy, 1987):
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Where k, 1 and m are the zonal, meridional and vertical wavenumbers, ca is the wave 
frequency ,/is  the Coriolis parameter, u the zonal mean wind, (3 is the poleward gradient 
o f the Coriolis parameter in the beta-plane and H is the scale height Solving equation
1.15 fo rm  gives;
2 B
m  =  — —
, 2
f  yku -co 4 H ‘
1.16
'j
For the Rossby wave to propagate vertically then m > 0, otherwise, m is imaginary and 
the wave decays with increasing height. A simple rearrangement o f equation 1.16 
reveals that propagation will only occur if:
c < u < - ------------—-------------- + c 1.17
. 2  , , 2  . f 2  1 ^r + r  +
n ;  4 H l
Where the phase speed o f the wave is, c = co/k (note, here c is measured with respect to 
the ground). Equation 1.17 is known as the Chamey-Drazin criterion, and describes the 
zonal mean wind necessary for the vertical propagation o f Rossby waves after Chamey 
and Drazin (1961).
The Chamey-Drazin criterion implies that in the case o f a stationary (c = 0) Rossby 
wave:
1. Stationary Rossby waves will not propagate vertically in regions where the 
background zonal mean wind is westward (u<0). Hence Rossby waves 
cannot propagate into the M LT through the westward winds o f the summer 
stratopause from their sources in the troposphere.
2. Stationary Rossby waves will not propagate where the background zonal 
mean wind is eastward and large, i.e. Rossby waves cannot propagate 
through the eastward jets in the stratosphere/lower mesosphere present 
during winter at latitudes greater than -30°.
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3. The propagation o f the wave depends upon the spatial scale o f the wave (i.e. 
only waves with low zonal wavenumbers are observed in the middle 
atmosphere).
Note that the Chamey-Drazin criterion can also be applied to propagating planetary 
waves. One consequence o f this behaviour is that Rossby waves observed in the winter 
mid- to high-latitude or summer M LT region cannot have propagated there from the 
troposphere, but must have been transported across the equator or been generated in- 
situ.
1.3.3.2. Rossby -  Gravity Waves
The motion o f an air parcel in a Rossby-gravity wave has a vertical and a horizontal 
component. Conceptually the dynamics o f the Rossby -  gravity wave are very similar 
to the dynamics o f the inertia-gravity waves described in Section 1.3.3.1. The vertical 
restoring force o f the Rossby-gravity wave is buoyancy, as in the case o f  inertia-gravity 
waves. However, the horizontal restoring force o f a Rossby-gravity wave is due to the 
poleward gradient o f planetary vorticity, as in the case o f  Rossby waves.
Following from the equations o f conservation o f momentum and continuity the 
following dispersion relation for a Rossby-gravity wave can be derived (Andrews, 
Holton and Leovy, 1987):
m = -sgn(<5;)-^-(/? + cok) 1.18 2
co
Following the logic o f the Chaney-Drazin criterion for Rossby waves this relationship 
implies that a Rossby-gravity wave can only propagate vertically if  the wave phase 
speed is greater than -(3/k2.
Rossby-gravity waves have a characteristic four-cell structure (for zonal wavenumber 1 
waves) in geopotential and winds. This structure is shown in Figure 1.16. Note the 
cross-equatorial flow and the reversal o f geopotential and zonal winds across the 
equator.
2 The function sgn(x) has the value + 1 if  x> 0  and -1  if  x<0.
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Figure 1.16. A schematic illustration o f  the geopotential and horizontal 
wind fluctuations for a Rossby-gravity (or Yanai) wave with westward 
phase speed (After Andrews, Holton and Leovy, 1987)
1.3.3.3. Kelvin W aves
Kelvin waves are a class o f  unidirectional planetary wave where the presence o f a 
boundary is necessary for the oscillation to exist. Two examples o f  such boundaries are 
mountain ranges and the equatorial plane (where the reversal o f  the Coriolis force 
produces a “virtual boundary”). Kelvin waves are not only observed in the atmosphere 
but also in the oceans (e.g. propagating southward along the coast o f  the North 
Am erican continent and northward along the African and European coastlines). Kelvin 
waves can be meso-scale to planetary scale in size. The restoring forces acting on the 
fluid in a Kelvin wave are buoyancy, pressure gradient and the Coriolis force.
Kelvin waves can be subdivided into two categories, these are ‘boundary trapped’ and 
‘equatorially trapped’ depending on the type o f boundary that supports the oscillation. 
Fluid motion within a boundary-trapped Kelvin wave can be understood by considering 
the forces acting on a fluid parcel. In the Northern Hemisphere, moving fluid is forced 
into a clockwise (right-hand side) motion by the Coriolis force. In the case o f fluid
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moving next to a boundary to the right the fluid is forced toward the boundary via the 
Coriolis force. This causes a build up o f fluid next to the boundary setting up an 
opposing pressure gradient force acting away from the barrier. The balance o f the 
Coriolis and pressure gradient forces causes the motion o f the fluid to oscillate parallel 
to the boundary.
In the case o f fluid moving next to a boundary to the left the fluid is forced away from 
the boundary by the Coriolis force. This motion sets-up a pressure gradient force acting 
toward the boundary. The balance o f the Coriolis and pressure gradient forces causes 
the m otion o f the fluid to oscillate parallel to the boundary. Figure 1.17 illustrates the 
effect these restoring forces have on a fluid parcel and the resulting structure o f  a 
boundary trapped Kelvin wave in the Northern Hemisphere. Note the exponential decay 
o f wave amplitude and pressure with increasing distance away from the boundary.
D irec tion  of 
P r o p a g a t io n
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B o u n d a ry  N orm al
Figure 1.17. A Schematic diagram indicating a) the vector wind field and 
contours o f  the pressure field o f  a boundary trapped Kelvin wave in the 
Northern Hemisphere, b) The forces acting on fluid parcels in a boundary 
trapped Kelvin wave in the Northern Hemisphere. Pn denotes the pressure 
gradient force, C the Coriolis force and U the resultant wind vector.
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In the Southern Hemisphere the Coriolis force acts in the opposite sense and so 
following the same argument as above fluid motions shown in Figure as shown in 
Figure 1.18 result. Note the symmetry in the direction o f propagation o f  the kelvin wave 
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P r o p a g a t io n
Figure 1.18. A Schematic diagram indicating a) the forces acting on fluid 
parcels in a boundary trapped Kelvin wave in the Northern Hemisphere. Pn 
denotes the pressure gradient force, C the Coriolis force and U the resultant 
wind vector, b) The vector wind field and contours o f  the pressure field o f  a 
boundary trapped Kelvin wave in the Northern Hemisphere.
B o u n d a ry  N orm al
/
A physical boundary does not exist at the equator so a boundary-trapped Kelvin wave 
cannot form; however due to the reversal o f  the Coriolis force at the equator a modified 
form o f  a boundary-trapped Kelvin wave can exist.
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In this situation the fluid build-up in Northern Hemisphere wave is mutually supported 
by the fluid build-up in the Southern Hemisphere. The Kelvin wave propagates 
eastward along the equator resulting in a wave disturbance that is present in both 
hemispheres simultaneously. This solution is called an equatorially trapped Kelvin 
wave and such oscillations have been observed in the equatorial troposphere, 
stratosphere and mesosphere (e.g. Wallace and Kousky, 1968; Canziani et al., 1994). 
The pressure field and wind vector field for such a wave is shown in Figure 1.19. Note 
the exponential decay o f  wave amplitude and pressure gradient with increasing distance 
away from the equator.
a)
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Figure 1.19. A Schematic diagram indicating a) the vector wind field and 
contours o f  the pressure field o f  an equatorially-trapped Kelvin wave, b) 
The forces acting on fluid parcels in an equatorially-trapped Kelvin wave. 
Pn denotes the pressure gradient force, C the Coriolis force and U the 
resultant wind vector.
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Further insight into the nature o f Kelvin waves can be gained by considering the 
appropriate dispersion relation. Considering the equations o f state, momentum and 
continuity the dispersion relation o f an equatorially trapped Kelvin wave in an 
atmosphere with uniform background winds can be shown to be (Andrews, Holton and 
Leovy, 1987).
Nco = ku - k —  1.19
m
W here © is frequency, u is the background wind, and k and m are the zonal and vertical 
wavenumbers, respectively. Note that the wave is evanescent in the meridional 
direction.
The meridional amplitude structure o f a Kelvin wave is a gaussian centred on the 
equator. In terms o f any wave parameter <X> (e.g. wind, temperature, pressure, etc.):
0 (y) = O 0 exp f - A v 2 A
2  {co -  ku)
1.20
W here, y is meridional distance from the equator and (3 is the meridional gradient o f  the 
Coriolis force (Smith, 1999). Since the wave is trapped at the equator the coefficient o f 
y in the exponent must be negative implying that the phase speed o f the wave (c = 
co/k) be positive. This indicates an eastward zonal phase speed and a negative value for 
m (via equation 1.19).
The following key properties o f equatorially-trapped Kelvin waves can be inferred from 
equations 1.19 and 1.20 as listed below:
1. The meridional amplitude structure o f a Kelvin wave is a Gaussian centred 
on the equator and the latitudinal extent o f the wave is dependent on zonal 
wavenumber, frequency and the rotation rate o f the Earth.
2. Kelvin waves propagate eastward relative to the background wind.
3. An eastward phase tilt with increasing height occurs and corresponds to an 
upward propagating wave.
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Breaking Kelvin waves are responsible for depositing a significant fraction o f the 
momentum that drives the Quasi-biennial Oscillation (QBO) and Semi-Annual 
Oscillation (SAO) observed in the tropical middle atmosphere.
In conclusion, we have seen that the atmosphere can support a number o f different types 
o f planetary waves (specifically Rossby waves, Rossby-gravity waves and Kelvin 
waves). Such waves can reach large amplitudes in the middle atmosphere and play an 
important role in the dynamics o f the stratosphere, mesosphere and lower thermosphere. 
For example, large amplitude planetary waves break at the edge o f the stratospheric 
polar night vortex and act to drive the meridional mean winds in the stratosphere, 
ultimately destroying the wintertime polar stratospheric circulation. In the M LT region, 
planetary waves and tides interact non-linearly. These interactions can impose a 
periodic modulation on tidal amplitudes and generate large amplitude ‘secondary’ 
waves. Chapters three and four contain more detailed discussions on this topic (also see, 
Mitchell et a l,  1996; Beard et al., 1999; Pancheva 2000).
1.4. The Distinguishing Features of the MLT region at Arctic 
& Equatorial Latitudes
This thesis presents studies o f the M LT region made over two sites. The first is situated 
just north o f the Arctic Circle at Esrange near Kiruna in Northern Sweden (69°N, 21°E). 
The second is located just south o f the equator on Ascension Island (8 °S, 14°W). Here 
we will briefly consider the major features o f the M LT region encountered at these very 
different latitudes.
M ajor differences exist between the atmosphere o f  the Artie and equatorial regions. In 
particular, there is a very strong seasonal variation in the solar heating (insolation) o f the 
arctic atmosphere. In Arctic winter the direct solar heating can be zero because the Sun 
remains below the horizon for extended periods. In the summer, solar heating o f the 
Arctic middle atmosphere is actually stronger than the solar heating o f  the equatorial 
middle atmosphere. The dependence o f insolation on latitude is due to the curvature o f 
the earth, solar declination and atmospheric composition. The seasonal and spatial 
variation o f insolation can be understood in terms o f duration o f heating per day. At the
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equator the duration o f heating is relatively constant at - 1 2  hours, however at latitudes 
within the Arctic Circle the duration o f heating varies between - 0  hours in winter to -2 4  
hours in summer. This seasonal variation produces dramatic seasonal differences in the 
dynamics o f the Arctic M LT region.
Another difference between the Arctic and equatorial latitudes is the latitudinal 
dependence o f the Coriolis force, which is zero at the equator and maximises at the 
poles. It is the existence o f this poleward gradient o f the Coriolis force that accounts for 
the existence o f planetary waves in the atmosphere.
In addition, the topography o f  the Arctic and equatorial regions is very different. In the 
Arctic the area o f land and water are approximately equal, the troposphere is cold and 
the Arctic Circle contains several mountain ranges. At the equator the land-sea 
temperature contrast is very strong, the troposphere is warm and the Coriolis force is 
small. Finally, the Arctic atmosphere is less convective than the equatorial atmosphere. 
These differences produce different planetary-wave modes and affect the temporal and 
spatial characteristics o f gravity wave excitation within the Arctic and equatorial 
regions. A  more thorough discussion o f some o f unique phenomena present in the 
dynamics o f the Arctic and equatorial regions is presented below.
1.4.1. The Arctic M iddle Atm osphere
The Arctic middle atmosphere is defined as the region o f the stratosphere, mesosphere 
and lower thermosphere at latitudes greater than +66.5° north. This part o f the 
atmosphere has several unique features including a large seasonal variation in solar 
heating, exotic and highly variable energy inputs from particle precipitation and auroral 
emission, noctilucent clouds (NLC), polar mesospheric summer echoes (PMSE), the 
cold summer mesopause, the polar night vortex and the predicted peak o f semidiurnal 
tidal amplitudes. Considering the dynamics o f the Arctic middle atmosphere two 
features dominate. These are:
1. The 12-hour (Semidiurnal) Tide. At these latitudes the short-term 
dynamics o f the M LT region are dominated by the 12-hour tide. This 
oscillation arises from the second harmonic o f the solar heating o f species 
that include ozone (O3) and molecular oxygen (O2). A t heights over 90 km,
37
Chapter 1 -  An Introduction to the Mesosphere and Low er T herm osphere
the 1 2 -hour tide can reach instantaneous amplitudes in excess o f 60 m s '1. 
Figure 1.20 shows 15 days o f typical hourly zonal wind data from the 
meteor radar system at Esrange. The 12-hour tide is immediately apparent. 
For example, near day 221 the wind changes from -5 0  ms ' 1 eastward to 
-3 5  ms ' 1 westward in a 6  hour period.
218 219 220 221 222 223 224 225 226 227 228 229 230 231
DAYNUMBER
Figure 1.20. A time-height plot o f  a typical 15-day segment o f  zonal wind 
data from the meteor wind radar at Esrange, Northern Sweden (68°N , 21°E).
Note the strong 12-hour period oscillation.
2. The Stratospheric Polar Night Vortex. After the autumnal equinox the 
polar region falls into darkness and so the polar stratosphere cools to 
temperatures lower than those o f  the mid-latitudes resulting in a northward 
pressure gradient force. Geostrophic balance results in a belt o f  polar 
eastward winds or a polar vortex. Wind speeds in this je t can exceed 100 
m s '1. This zonal flow o f  air reduces transport from the low latitudes to the 
polar region, effectively isolating the polar regions from the rest o f  the 
atmosphere.
1.4.2. The E quatorial M iddle A tm osphere
For the purposes o f this discussion, the equatorial region is defined as being the region 
between latitudes o f ±30° North/South. The dynamics o f this region o f the middle 
atmosphere are dominated by four main features:
1. The 24-hour (Diurnal) Tide. At timescales o f a few days the dynam ics o f 











Chapter 1 -  An Introduction to  the M esosphere and Lower Therm osphere
This oscillation is caused by the solar heating o f species including ozone 
(O3) and m olecular oxygen (O2). At heights over 90 km the 24-hour tide 
can reach instantaneous amplitudes in excess o f 80 ms"1. Figure 1.21 shows 
15 days o f  typical hourly meridional wind data from the m eteor radar on 
Ascension Island. As before a strong tidal signal is apparent but in this case 
the period o f  oscillation is 24 hours. For example, near day 70 the wind 
changes from -6 0  ms ' 1 southward to - 1 0 0  ms ' 1 northward in a 12  hour 
period. Note the downward phase slope o f the tide, indicating upward 
energy progression. A property shared by all tides (see Section 1.3.2).
MERIDIONAL WIND - ASCENSION ISLAND - MARCH 1st - 15th
60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75
TIME (DAYS SINCE JANUARY 1st 2002)
Figure 1.21. A time-height plot o f  a typical 15 day segment o f  meridional 
hourly wind data from the meteor wind radar on Ascension Island (8°S,
14°W). Note the strong 24-hour period oscillation.
2. The Quasi-biennial Oscillation (QBO). In the lower stratosphere a strong 
zonal oscillation with a period between 20-30  months is observed. The 
peak amplitude o f  the QBO ranges from -4 0  m s ' 1 to -5 0  m s '1, with 
maximum amplitudes occurring at a height o f  -2 5  km. Several theories 
exist to explain the QBO, most theories suggest the source o f  the eastward 
momentum driving this oscillation is breaking gravity waves (Plumb, 
1984). A QBO is also observed in the mesosphere (Kane et al., 1999). 
This oscillation is -1 8 0 °  out o f  phase with the stratospheric QBO, and has 
an amplitude o f -2 0 -3 0  m s '1.
3. The Semi-annual Oscillation (SAO). At heights between -40-90  km the 
long-term flow o f the zonal winds in the equatorial region is dominated by 
a semi-annual oscillation -  the SAO. This oscillation displays maximum
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westward flows in March and October. The amplitude o f the oscillation 
displays two peaks one in the stratosphere, at ~45 km and the other in the 
mesosphere at -8 0  km. It is believed that the westward acceleration o f the 
stratopause SAO is partially due to a cross-equatorial advection o f the zero 
mean zonal wind line into the winter hemisphere and partially due to wave 
forcing by planetary waves. The eastward acceleration is believed to be 
caused by wave forcing due to small-scale gravity waves and Kelvin waves 
depositing momentum into the stratosphere. In the mesopause region, the 
SAO is thought to be forced by momentum deposition from breaking 
gravity waves. The out o f phase relationship between the mesospheric and 
stratospheric SAO is believed to be caused by the filtering o f  the gravity- 
wave spectrum by the stratospheric SAO as the gravity-waves ascend into 
the mesosphere.
As an example o f the QBO and SAO Figure 1.22 displays zonal winds in the 10-115 km 
height range observed by the HRDI instrument on the UARS satellite. The SAO is 
clearly seen is at heights above -4 0  km, below -4 0  km the QBO can be seen.
4. Equatorially trapped Kelvin waves. These Kelvin waves are unidirectional, 
propagating only eastward, and as such are a major source o f eastward 
momentum in the equatorial stratosphere. W ithout a physical boundary, 
such as a mountain range, Kelvin waves can only exist at the equator. The 
latitudinal structure o f such a wave is approximately Gaussian with a wave 
phase speed dependent e-folding distance o f typically between 6 - 1 2 ° 
(corresponding to wave phase speeds between 20-80 ms’1).
5. The Equatorial Electrojet. The equatorial electrojet is an intense electric 
current flowing eastward along the magnetic dip equator (where the 
magnetic field lines o f the Earth are parallel to the ground). The electrojet 
is observed in the ionospheric E region at heights between 100-140 km. 
The electrojet is confined to within ± 2° o f the dip equator; this value shows 
little variation with longitude (Liihr, Maus, and Rother, 2004). Return 
(westward) currents associated with the electrojet are observed at around ± 
5° from the dip equator. The amplitude o f the electrojet current is -  60 kA 
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The eastward current is about three times as strong as the associated return 
currents (Luhr, Maus, and Rother, 2004).
Joule heating associated with the vertical (Pedersen) current o f  the 
equatorial electrojet is observed to maximise at heights -135  km. This 
heating is localised to within - 6 ° o f  the dip equator and may set-up vertical 
flows in the neutral atmosphere and be a source o f  gravity waves at heights 
between 130-150 km. The ion drag force plays an important role in the 
dynamics o f  the neutral atm osphere at heights above about 130 km. 
However, at heights below 100 km the ion drag force is negligible, due to 
the relatively small num ber o f  charged particles at these heights. The 
electrojet is the exception to this rule, the ion-drag associated with the large 
numbers o f  charged particles within the electrojet may affect the neutral 
winds at heights around 100-140 km. Ascension Island is -1 9 °  south o f 
the dip equator, therefore any local effects in the neutral winds caused by 
the presence o f  the electrojet will not be observed.
Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan
i 992 1 993 i 994 >995
Figure 1.22. zonal winds in the 10-115 km height range observed by the 
HRD1 instrument on the UARS satellite. The SAO is clearly seen is at 
heights above -4 0  km, below ~40 km the QBO can be seen. (Goddard 
Space Flight Centre -  UARS web page)
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1.5. Conclusions
The dynamics and temperature structure o f the middle atmosphere are observed to be 
very different from those predicted by radiative equilibrium alone. In particular, the 
observed cold summer mesopause, meridional winds and inferred vertical flows cannot 
be explained by pure radiative equilibrium. Wave driving o f  the mean flow is believed 
to account for the differences between the observed atmosphere and that predicted by 
radiative equilibrium. This highlights the importance o f observing and understanding 
the nature o f mean winds, waves and tides in the M LT region.
The dominant types o f wave motion observed at mesospheric heights are gravity waves, 
tides and planetary waves. Planetary waves are large-scale wave motions that affect the 
composition, temperature and dynamics o f the atmosphere. Gravity waves play a 
critical role in driving the general circulation by transporting momentum from the lower 
to the upper atmosphere. Tides are the largest amplitude waves in the M LT region and 
interact with gravity waves and planetary waves. The interactions in the M LT region 
between gravity waves, tides, planetary waves and the mean flow result in a strongly 
coupled environment.
Our understanding o f the M LT region is limited by our understanding o f the structure, 
dissipation and interaction o f the mean winds, waves and tides in the atmosphere. Long­
term trends o f the composition, temperature and dynamics o f  the region are only now 
being investigated, and the effects o f the solar cycle and climate change on the middle 
atmosphere studied. The role o f the MLT region as an indicator climate change may 
prove to be important. Despite the importance o f the phenomenon, the M LT region is 
still the most poorly understood area o f the atmosphere.
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Chapter 2 
Meteor Wind Radars and Other 
Techniques
2.1. Introduction
Many techniques have been developed to observe the atmosphere. In fact, our 
understanding o f atmospheric processes has often progressed in hand with the 
development o f new techniques and technology. Over the last few decades such 
developments have been rapid, with the maturing o f rocket, satellite, balloon-borne, and 
ground-based techniques. However, it remains true to say that extended measurements 
o f the middle atmosphere are still particularly difficult.
In situ measurements made by balloon and rocket-bome instruments can provide 
detailed “snapshots” o f the atmosphere at a particular time. Such methods, however, are 
expensive and impractical over long time scales. This places the compilation o f
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continuous, long-term data sets for extended studies in the hands o f remote-sensing. In 
this regard radar is a particularly useful technique for three reasons:
1. Immunity to weather conditions and cloud cover.
2. Full diurnal sampling, a radar can run 24-hours a day, 365 days a year.
3. Routine, continuous and autonomous operation.
A similar continuity o f data can be supplied by satellite-borne instrumentation, though at 
the price o f  versatility, temporal resolution and financial burden.
Radars by their nature require a target from which to reflect radio waves. Medium 
frequency (MF) radars are thought to scatter from 2-D turbulence that is frozen into the 
mean flow. Meteor radars reflect from the trails o f ionisation associated with meteors.
For over 2000 years the Aristotelian view o f meteors as a meteorological phenomena 
persisted. Scholars believed that meteors where concentrations o f hot gas rising up from 
the Earth into the upper atmosphere where their rapid motion ignited the gas causing the 
observed ‘shooting star’. Regardless o f evidence to the contrary presented by Brahe and 
Hailey, it was not until 1759 that the extraterrestrial nature o f  meteors became accepted.
Approximately 4 x l0 7 kg o f matter enters the Earth’s atmosphere every year. This 
matter originates from either the cosmic dust background or meteoroid streams (see 
Section 2.2.1). Regardless o f the origin o f the matter, the continuous influx o f meteors 
through the Earth’s atmosphere is ‘mother nature’s ch a ff . The large numbers o f ionised 
trails produced by meteors entering the atmosphere every day act as reflectors for 
meteor radar systems and can be used as tracers o f the motion o f the atmosphere.
2.2. Meteor Wind Radars
The use o f radars in the field o f meteor research started after World W ar II when a 
number o f powerful air search systems were converted for the task. Before this time 
measurements o f meteor ionisation were by-products o f ionospheric and radio 
propagation experiments. During the 1950’s specific meteor observing radar systems 
were built. Now commercial ‘off-the-shelf systems can be purchased and operated for 
relatively modest sums o f money.
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In this Section the basics o f meteor wind radars will be described. In Section 2.2.1 the 
natural phenomena o f meteors will be introduced. The details o f the meteor radar 
principle will be discussed in Section 2.2.2. The two radars used in this study will be 
described in Section 2.2.3. The morphology o f the data recorded will be presented in 
Section 2.2.4. Finally, in Section 2.2.5 the method used in the horizontal hourly wind 
determination is presented.
2.2.1. M eteors as a Natural Phenomenon
A solid particle o f interplanetary material is termed a meteoroid, when the particle enters 
the atmosphere then this phenomenon is termed a meteor. The term comes from the 
ancient greek meteron/meteoros meaning “something found or happening in the air” . 
Some particles have sufficient mass and velocity that they are able to produce a short 
burst o f visible light -  a ‘shooting star’. The smallest particle capable o f producing a 
meteor is roughly 0.01 mm in diameter. There is no upper limit to how large a 
meteoroid can be, in fact, several km-sized meteoroids have impacted the Earth. 
Typically meteoroids are between 0.05-200 mm (Ceplecha et al., 1998).
Most meteoroids are thought to originate from short-period comets and to a lesser extent 
asteroids. As the orbit o f  the comet approaches within 1.5 astronomical units (AU) o f 
the Sun, sublimation o f surface ice liberates embedded particles and produces a source 
o f particles that are then pushed away from the parent body by gas and radiation 
pressure. These ejected particles form a stream known as a meteor stream that share the 
Keplerian orbit o f  the parent body. Over many orbits this process creates a meteor 
stream outlining the orbit o f the parent body. The approximate width o f an average 
stream being between 0.05 -  0.1 A.U. (7.5 -  15 million km).
However, other processes act upon the meteor stream scattering the particles into the 
general population o f interplanetary dust. Therefore to persist a meteor stream must be 
constantly reseeded with new material from the parent body. As a result o f these 
scattering processes the majority o f observed meteors do not originate as part o f a 
particular meteor stream, but are caused by meteroids belonging to the general 
interplanetary dust population. It is estimated that the total mass o f particles colliding 
with the Earth is ~105 kg per day.
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A m eteor shower is a period o f  enhanced meteor activity, and occurs when the Earth 
passes through a m eteor stream. If  the m eteor stream has a high num ber density then an 
intense meteor shower such as the Leonids will occur. A particular M eteor shower will 
occur at roughly the same time every year and marks the intersection o f  the arth’s orbit 
with the meteor stream. The largest showers can produce several hundred visible 
m eteors per hour. The meteors o f a particular meteor shower appear to ‘radiate’ from a 
particular region o f the celestial sphere which is several degrees across. This effect is 
due to the observer being inside the stream. The constellation in which the shower 
radiant appears is used to name the shower. For example, the radiant o f  the Leonids 
appears in the constellation o f Leo. Figure 2.2 presents an example o f the ‘radiant’ o f  a 
m eteor shower.
M e te o r  s t r e a m
P a r e n t  c o m e t
O r b i t a l  p a th  
o f  th e  E a r th
Figure 2.1: The occurrence o f  a meteor shower depends upon the orbit o f  
the Earth intersecting the orbit o f  a meteor stream; a) the Earth (blue circle) 
orbits the sun. b) The Earth’s orbit intersects the orbit o f  a meteor stream 
and a meteor shower is observed.
2.2.1.1. A natom y of a M eteor
The average meteoroid is not very dense or very large. This prompts the question; 
where does the energy required to produce the meteor trail come from? The answer 
comes from the high entry speed o f a meteoroid into the atmosphere. The entry speed o f 
m eteoroids is between 11.2-72.8 k m s'1. The lowest possible entry speed is 11.2 km s'1.
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This lower limit corresponds to the infall o f  a m eteroid that was initially at rest at 
infinity to the Earth’s surface. The upper limit is 72.8 km s"1 is the result o f  a ‘head-on’ 
collision between a meteoroid and the Earth. The Earth's orbital speed is 30.3 km s"1 and 
the solar system escape velocity (the maximum speed a gravitationally-bound solar 
system body can travel at 1 A.U.) is 42.6 kms"1. The sum o f these two values yields the 
m axim um  possible “head-on” collision velocity o f  72.8 km s'1.
O odtts






Figure 2.2. a) The meteor storm o f  9th October, 1933 (From California state 
university astronomy image gallery), and (b) a woodcut o f  meteor showers, 
note the apparent divergence o f  the meteor trails (From California state 
university).
When a meteoroid enters the denser parts o f  the atmosphere, friction causes the 
tem perature o f  the meteoroid to increase rapidly. For particles less than 0.01 mm in size 
the drag caused by the atmosphere slows the meteoroid to free fall velocities and the 
tem perature does not rise above the meteoroids m elting point. The frictional heating 
only affects a surface layer a few tenths o f a millimetre thick. This is due to the thermal 
properties o f  meteoroids and the very quick ‘burst’ o f  frictional heating (i.e. the heat at 
the surface o f  the meteoroid does not have time to radiate through more than a few 
tenths o f a millimetre). The effect o f  the rapid increase in surface tem perature depends 
upon the size o f  the meteoroid. Particles below 0.5 mm in size are heated right through, 
while only the surface o f larger bodies is affected by atmospheric entry. At heights 
between 80-90  km the surface temperature o f  the meteoroid reaches about -2 0 0 0  K. At 
this tem perature the surface material o f  the meteoroid starts to ablate and sublimate, 
producing a tail o f  hot vaporous material. The de-excitation o f  these hot molecules and
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atoms, via inelastic collisions with the surrounding atm osphere produces a trail o f free 
electrons and ions. It is this de-excitation o f this hot material that causes the familiar 
streak o f  light seen as a ‘shooting s ta r . In the context o f  this study, the formation o f a 
trail o f  free electrons behind the m eteor is important, as it is this trail that scatters the 
radio waves from the m eteor radar.
‘h e a d - o n ’
c o ll is io n
‘free -fa ll ’




Figure 2.3. A schematic diagram demonstrating the meteor—Earth geometry 
leading to the observed velocity distributions.
A typical ionised meteor trail is a long cone a few tens o f  kilometres in length, spanning 
a height range o f 10—15 km. The radial distribution o f  ionisation within the trail 
com prises a diffuse cloud o f  ionisation surrounding a high density core. The initial 
radius o f  the trail is defined as the r.m.s. position o f  the ablated ions when thermal 
equilibrium has been reached. This typically takes less than 1 m illisecond and involves 
-1 0  collisions. The initial radius o f  the trail depends on the entry speed o f  the meteor 
and the density o f the surrounding atmosphere (actually the atm ospheric mean free 
path). Due to the mean free path o f  the atmosphere increasing with height the initial 
radius o f the trail also increases with height. Typically the initial radius o f  the trail will 
be 0.40, 0.6 and 1.0 m at 80, 90 and 100 km respectively.
Immediately after the trail is formed the electron num ber density decreases because o f 
am bipolar diffusion and atmospheric turbulence, which increase the volume o f 
atm osphere through which the ionisation is distributed; recom bination and ionic 
reactions also decrease the total ionisation present in the trail. Studies have shown that 
the most important process involved in reducing the electron num ber density is 
am bipolar diffusion.
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2.2.2. The Principles o f M eteor Radar
2.2.2.I. Radio Reflection from M eteor Trails
Most meteor radars are backscatter systems -  the transmitter (Tx) and the receiver (Rx) 
antennae are at the same site. Radio reflection from meteors is specular. This means 
that the reflected signal from the meteor trail only returns to the radar if the reflection is 
perpendicular to the trail’s axis, as seen in Figure 2.4. This geometry means that even 
an all-sky system (i.e. one that uses low gain antennas and is designed to detect meteors 
over all azimuth and elevation angles) detects only a small fraction o f the total number 
o f meteors that pass through the collecting volume o f  the system since only a small 
fraction o f  meteors will produce the required right angle geometry. The characteristic 
return signal o f a meteor echo rises sharply as the meteor passes the specular reflection 
point (po), the amplitude o f the signal then oscillates as the Fresnel zones form.




Tx an d  Rx
Figure 2.4. Geometry o f  m eteor radio backscatter.
Radio studies have identified two main categories o f echo -  overdense and underdense. 
Overdense echoes arise from trails with an electron line density greater than ~1014 m '1. 
At these electron line densities, secondary scattering between electrons is important and 
the plasma frequency o f the trail becomes greater than the frequency o f the radio wave. 
The radio wave thus does not penetrate into the column o f  meteor ionisation and is
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instead reflected from the surface. The overdense meteor trail thus reflects the radio 
wave in a manner similar to that o f a metal cylinder.
The reflected signal from an overdense trail can exist for several seconds because 
recombination rates are slow at these heights -9 0  km. The amplitude profile o f a typical 
overdense echo is shown in Figure 2.5a. The shape o f the returned signal exhibits a 
rapid rise followed by a rather variable echo amplitude. Some o f this variability is due 
to recombination and some due to wind shears causing multiple specular reflection 
points from which the reflected signals superpose.
An underdense echo arises from trails with an electron line density below ~1014 m"1. 
Observations show that most meteor echoes are underdense. In this case, the radio wave 
can penetrate the surface o f the ionised trail and the radio wave is reflected from each 
individual electron in the meteor trail and the echo power received is the sum o f the 
contributions from all the individual electrons within the trail.
The characteristic amplitude-time profile o f an underdense echo has a rapid rise 
followed by an exponential decrease (see Figure 2.5b). The exponential decrease in 
echo power results from the ambipolar diffusion o f  electrons and ions. This diffusion 
causes the trail radius to expand and eventually (within about one second) destructive 
interference occurs between the radio waves scattered from electrons at different depths 
within the trail. This destructive interference causes the exponential decrease in 
observed amplitude, this normally takes about 0.5-1 second.
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Figure 2.5. Echo power profiles for two individual meteors detected by a 
meteor system a.) The amplitude-time profile o f  an overdense meteor trail. 
Note the variable amplitude caused by wind shear induced multiple specular 
reflection points b.) The amplitude-time profile o f  an underdense meteor 
trail. Note the rapid rise followed by an exponential decrease. (From CRL 
Yokosuka web site)
The maximum height at which underdense echoes can be detected, termed the 
‘underdense echo ceiling’, actually depends upon the frequency o f the radio pulse used. 
This echo ceiling is a consequence o f the height dependence o f the initial radius o f a 
meteor trail. The initial trail radius at the echo ceiling is such that destructive 
interference is caused immediately after the trail is formed; hence underdense meteors 
are not detected at heights above this underdense echo ceiling. Assuming that a total 
power loss o f 40db defines the detection limit o f underdense echoes, then echo ceilings 
o f approximately 75, 95 and 110 km are calculated for radio frequencies o f 3 GHz, 300 
MHz and 30 MHz respectively (McKinley, 1961).
The underdense echo ceiling determines the upper height at which a meteor radar can 
detect underdense meteors. Note that meteors are actually present at greater heights but 
will be undetected by the radar. The lower limit to the height at which echoes are 
detected is determined by the total ablation o f all material in a given meteoroid. For 
typical meteoroid masses this occurs at heights above -7 5  km. Only unusually large and 
robust meteoroids survive to lower heights.
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2.2.2.2. M iddle Atm osphere Wind Determination using M eteors
The large numbers o f ionised trails generated by meteors are ‘frozen’ into the neutral 
wind. The trails thus drift with the neutral wind and can be used as a tracer o f the 
motion o f the atmosphere. When using meteor echoes as tracers o f atmospheric motion 
often only underdense echoes are used. This is because the long-lived overdense echoes 
can be distorted by wind shears creating multiple specular reflection points and thus 
errors in the determination o f the winds in the upper atmosphere. Also, by using the 
very distinctive underdense echo profile (e.g. Figure 2.5b) the rejection o f  non-meteor 
return signals, such as from aircraft and aurora is made relatively easy.
The drift o f  a trail along the line-of-sight will cause a phase change in a phase coherent 
signal. By measuring this phase change with time it is possible to calculate the drift 
velocity o f  the meteor trail, as illustrated in Figure 2.6.
If  at time, t, the returned signal has phase, <f)a, and at some later time t + At, has phase (J>b, 
then the phase shift, A<|) = <j)a -  <J>b, can be attributed to the movement o f the trail causing 
a lengthening in the total return path o f  the radio pulse. I f  the trail drifts a radial distance 
d, then a phase change o f And/X radians will be observed, where X is the wavelength o f 
the transmitted signal.
The line-of-sight drift velocity, Vrad, can be calculated using equation 2.1 below (this is 
related to the dispersion relation o f a radio wave).
d  [X! An)
At ( A /M * )
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The trail will be advected by the neutral wind. It is therefore possible to use the line-of- 
sight velocity o f  the meteor trail to estimate the horizontal velocity o f the neutral wind at 
the reflection point o f  the trail under the assumption that the flow is horizontal. The 
assumption that the trail is moving with the neutral wind is legitimate because in the 
meteor region the ion-neutral collision frequency is higher than the gyro frequency o f 
the plasma trail. This implies that the ions, and hence the electrostatically bound 
electrons, are ‘carried' by the bulk flow and so can be used as a tracer.
N eutra l  wind!
/
M eteor trail 
at time t+At





at time t R adar  Antenna
Figure 2.6. A schematic diagram showing the geometry o f  the phase change 
method o f  line-of-sight velocity determination.
2.2.3. The SkiYm et M eteor R adars on Ascension Island and a t Esrange
The two radars used in this study are commercially produced ‘Skiym et’ VHF all-sky 
systems with very sim ilar configurations. Both o f  these systems have routine height- 
finding capability, and typically observe 3000 -  4000 meteors per day. The first radar 
was installed at Esrange in Northern Sweden in 1999 and has been providing nearly 
continuous data since October o f that year. The second system was installed on 
Ascension Island in the equatorial m id-Atlantic in 2001 and has been routinely 
providing data since October 2001. The location o f these radars is shown in Figure 2.7.
53




(8 °S, 14°W) 60°S
Figure 2.7. Locations o f  the Ascension Island and Esrange Radars, in 
relation to other MLT radar sites. The diamonds indicate sites operated or 
planned to be operated by the university o f  Bath.
2.2.3.1. The Ascension Island R adar
Ascension Island (8 °S, 14°W) is a small volcanic island in the equatorial mid-Atlantic. 
It is one o f  the few islands found between South America and Africa. In May 2001, a 
Skiymet meteor radar was deployed there to investigate the equatorial M LT region. 
The Skiymet radar is made by Genesis Software Ltd., o f Adelaide, Australia and 
M ARDOC Inc, o f  London, Ontario, Canada. The radar is an ‘all-sky’ system, meaning 
that the transmitted power and sensitivity o f  the receiver antennas are largely 
independent o f  azimuth and so the radar monitors all o f  the (visible) sky. Polar 
diagrams o f  the transm itter and receiver antenna are shown in Appendix C.
The Ascension island radar has a peak power o f  12 kW. The radar transmits a square 
pulse at a radio frequency o f 43.5 MHz, with a duty cycle o f  15% and a pulse repetition 
frequency (PRF) o f  2144 Hz. This high PRF is useful when measuring certain meteor
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properties such as atmospheric entry speeds, since a large number o f observations o f 
each meteor trail can be obtained.
The antenna field o f  the radar consists o f one transmitter (Tx) and five receiver antennas 
(Rx) (see Plate 1). The antennas are crossed-element Yagis arranged in a cross layout as 
shown in Figure 2.8. Each antenna is connected to a separate receiver. The connecting 
cables all have the same phase length. In this configuration the antennas act as an 
interferometer. Since the radar has no steerable beam, interferometric methods are used 
to find the positions o f individual meteors in terms o f azimuth and elevation angles.
The radar has a high PRF and does not have a pulse coding capability and so range 
ambiguities can occur. Due to this lack o f pulse-coding, the return signal from a target 
could be from any number o f past pulses transmitted from the radar. This introduces an 
aliasing range o f ~70 km, i.e. a given meteor at a range o f x km could actually be at x + 
70, x + 140 or x + 210 km away. Using an a priori assumption solves this problem. Use 
o f the elevation and range data, allows the calculation o f the height o f the meteor for 
each possible range. By assuming the meteor occurs within the meteor region, 70-110 
km, it is normally possible to select the single range for the detected meteor by rejecting 
all solutions that correspond to heights outside o f this range.
55
Chapter  2 - M eteor W ind Radars and O the r  T echniques
y/ /—? //






2 .5  k
R ece iver  A n tenna  Array
Y
Ys
Figure 2.8. Ground plan o f  a Skiymet radar (X. is the radar wavelength).
The incoming data is digitised and the transmitter and receiver reference frequencies 
produced in the Radar Data Acquisition System (RDAS). The entire system is run 
under a UNIX operating system on a PC. This PC is used for real-time analysis o f the 
meteor echoes, identification and post detection analysis, on-site data storage and 
Internet based maintenance (Hocking et al., 2001). The raw meteor echo data for each 
day is parameterised and stored in an ASCII format ‘m pd’ file (for ‘m eteor position 
data’). For each individual meteor sixteen parameters are stored in the mpd file. The 
parameters recorded are summarised in Table 2.1. The files are stored on-site and at 
midnight every day a backup o f the daily mpd file is sent to Genesis Software Ltd, to be 
stored on an ftp server for later retrieval. Typically, an mpd file will be about 1 Mb in 
size and contains information on approximately 4000 possible meteors.
56
Chapter  2 - M eteo r  W ind Radars and O the r  Techniques
Param eter
code Description
Date The date o f the detection relative to Coordinated Universal Time 
(UTC).
Time The time o f the detection in UTC at millisecond accuracy.
Rge The range o f  the detection in km, 100 m accuracy.
Ht The height above ground o f  the detection in km including a curved Earth correction, 100 m accuracy.
Vrad The observed drift velocity o f  the meteor trail.
Delvr
The error associated with the radial velocity measurement 
obtained from the 5 antenna pairs in the receiver array. 
Observations with delVr > 5 .5  m s'1 are rejected, therefore this 
represents a limiting value for this field in the MPD file.
Theta
The zenith angle o f the specular reflection point o f the meteor 
trail in degrees.
PhiO The azimuth angle o f specular reflection point o f the m eteor trail in degrees.
Ambig
Due to the use o f uncoded radio pulses and an interferometric 
method to deduce the meteor trail location, it is possible for the 
system to calculate several possible locations for a detection.
This variable records the num ber o f  locations this detection could 
have.
Tau The half life decay time o f  the m eteor trail in seconds.
Vm et Entry speed o f the meteoroid into the Earth atmosphere (only possible to calculate <5% o f  the time).
File The file name extension used to store the raw data for this detection
Delphase The worst phase error between antennas if  the measured azimuth and zenith o f  the detection are correct. M easured in degrees.
Ant pair The antenna pair with the worst phase error.
Irex The receive channel used in the analysis for certain single-channel data quality tests. This is always "1" during normal operation.
Am ax
The peak value o f the amplitude o f the meteor echo in digitiser 
units. This may be greater than 32767 if  channel saturation has 
occurred.
Table 2.1. M eteor parameters stored by the Skiym et system in a mpd file 
for each individual m eteor detected.
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Plate 1. Photographs presenting A scension Island and Esrange:
A. A scension Island from the air, B. The transmitter array at 
A scension Island, C. One o f  the receiver antennas o f  the 
A scension Island system .
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Plate 2. Photographs presenting Esrange: A. Esrange from the air,
B. The receiver array at Esrange.
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2.2.3.2. The Esrange Radar
The Esrange radar (68°N, 21°E) is very similar to the Ascension Island radar and has the 
same general antenna layout and data handling systems. The Esrange radar was 
deployed in August 1999, at Esrange, which is the Swedish Space Corporation’s rocket 
range near Kiruna, Northern Sweden. The system has been routinely recording data 
since October 1999.
The two main differences between the systems are the operating frequency which is 32.5 
MHz at Esrange (c.f. 43.5 M Hz on Ascension island) and the peak power o f the 
transmitter which is 6 kW (c.f. 12 kW  on Ascension island). The properties o f the 
radars at Esrange and on Ascension Island are summarised in Table 2.2.
Esrange Ascension Island
Type Meteor Meteor
Scan Form All-Sky All-Sky
Position 68°N 21°E 8°S 14°W
Frequency 32.5 MHz 43.5 MHz
Peak Power 6 kW 12 kW
Duty Cycle 15% 15%
PRF 2144 Hz 2144 Hz
Table 2.2. A  summary o f  the properties o f  the radars operated by the 
university o f  Bath at Esrange and on A scension  Island.
2.2.4. M eteor Distributions M easured By The Skiymet Radars
2.2.4.I. The Observed Height Distribution o f M eteor Echoes
The height distribution o f meteor echoes observed over Ascension Island in the year 
2002 is shown in Figure 2.9. The height o f each echo is calculated from the elevation 
angle and range data measured by the radar and includes a correction for the curvature 
o f the Earth. The resolution o f this calculation is ~1 km.
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Figure 2.9. The normalised height distribution o f  the 1.5 m illion meteor 
echoes recorded over Ascension Island for all o f  2002.
The height distribution o f  m eteor echoes is seen to follow an approximately Gaussian 
distribution, with a peak at ~90 km and a standard deviation o f about 5 km. M ost 
meteors are detected at heights between 80-100 km. The m eteor echoes measured by 
the Esrange radar follow a similar distribution.
The average tim e-height distributions o f  meteor echoes observed over Ascension Island 
and Esrange in July 2002 are shown in Figure 2.10. A diurnal variation o f  the peak 
height is clearly visible. The am plitude o f  this diurnal variation is larger at Ascension 
Island, than at Esrange, i.e. a greater diurnal variation in the vertical distribution o f 
meteors is observed at the equator than at an Arctic station. This diurnal variation has 
an amplitude o f about 1 km at Esrange but an amplitude o f about 3 km at Ascension 
Island.
This variation is caused by tidal changes in atmospheric density and the astronomical 
diurnal variation in meteoroid entry speeds. In the local time interval (00:00-12:00) the 
radar site is on the leading hemisphere o f  the Earth. Therefore, fast 'head-on’ collisions 
are observed. In the local time interval (12:00-24:00) the radar site is on the trailing 
hemisphere o f  the Earth, therefore many more slow ‘free-fall’ collisions are observed. 
The faster the entry speed o f  the meteoroid the higher the meteoroid ablates, this is due 
to the higher kinetic energy involved in the collision.
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Figure 2.10. Diurnal variation o f  meteor height distributions for a.)
Ascension island and b.) Esrange. Recorded July, 2002.
The radars use Doppler measurements o f radial drifts to infer the horizontal drift 
velocity o f  each individual m eteor recorded. The height-finding ability o f  the Skiymet 
radar allows vertical profiles o f the horizontal wind to be calculated. This is 
accomplished by grouping the meteor echoes into six independent height gates and 
analysing separately the echoes in each individual height gate using the method 
described in Section 2.2.5. This yields hourly mean wind profiles. The normal height 
gate limits are chosen to be: 78 < h < 83, 83 < h < 86, 86 < h < 89, 89 < h < 92, 92 < h < 
95 and 95 < h < 100 km. The gate depths are thus 5, 3, 3, 3, 3 and 5 km. The upper and 
lower height gates are larger than the rest to com pensate for the lower number o f 
meteors measured at these heights. The mean echo height o f  each gate has been used to 
calculate a representative height for that gate. This representative height is different to 
the central height o f  the gate as the vertical distribution o f m eteor echoes varies strongly 
with height. For Esrange and Ascension Island this produces representative heights o f 
81.1, 84.6, 87.5, 90.4, 93.3 and 96.8 km.
2.2.4.2. The O bserved D istribution of M eteors in Azim uth and Range
The Esrange and Ascension Island Skiymet radars are ‘all-sky’ systems, meaning that 
the transm itted power and the sensitivity o f the receiving array is, to a first 
approxim ation, independent o f azimuth. This should provide an approximately even 
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Figure 2.11. The normalised azimuthal distribution o f  meteor echoes for 
A scension Island and Esrange in 2002.
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(the real distribution o f echoes will be complicated by various astronomical factors). 
Figure 2.11 presents the azimuthal distribution o f  meteors measured by the Ascension 
Island and Esrange radars for the year 2002. A total o f  approxim ately three million 
meteors were measured by the two systems in this time. It can be seen from Figure 2.11 
that in 2002 the Ascension Island radar detected meteors in a very uniform manner 
around the radar site as a function o f azimuth. At Esrange, however, the azimuthal 
distribution o f meteor detections is non-uniform.
0180
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The range distribution o f m eteor echoes measured by the Ascension Island and Esrange 
systems are shown in Figure 2.12. The observed distributions have several interesting 
characteristics. The first being that only a small fraction o f meteors are detected at 
ranges less than 100 km, i.e. not many meteors are detected near the zenith. This is in 
part a consequence o f the specular reflection o f radio waves from meteor trails. In order 
to be detected near the zenith a m eteor would have to be travelling nearly horizontal 
through the atmosphere. The long slant path through the atmosphere that would be 
required means that only the largest meteoroids would not have completely ablated by 
the time they approach the zenith. For this reason, meteor radars including the Skiymet 
radars used here usually operate with the peak radiated power directed at an elevation 
angle o f  ~  30° (see appendix C for the polar diagrams showing transm itter and receiver
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gains). The second feature o f the range distribution is the decrease o f count rate with 
increasing range. This is largely due to attenuation o f echo power with range.
The third conspicuous feature o f the range distribution is the gaps at about 140, 210 and 
280 km range, these gaps are a consequence o f the high PRF o f the system. Since the 
transmitter and receiver array are at the same site, when the transmitter generates a 
pulse, the receiver array is short-circuited to prevent overload by the direct wave. These 
gaps correspond to the times when the receivers are short-circuited and thus mark the 
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Figure 2.12. The normalised range distribution o f  meteor echoes for the 
Ascension Island and Esrange radars in the year 2002.
2.2.4.3. The Annual and Diurnal Cycles in M eteor Count Rates
The daily meteor count rates for the year 2002 are shown in Figures 2.13 for both the 
Ascension Island and Esrange radars. A clear annual cycle can be seen in the count 
rates recorded at both sites. This cycle is astronomical in origin and is observed 
elsewhere (e.g. Hocking et al., 2001). Both the Ascension Island and Esrange radars 
yield a similar annual pattern in all years o f recorded data. This cycle produces an -3 :1  
ratio in meteor counts between June-August and February-April. A number o f short­
lived peaks can be seen in the data. These short-lived peaks result from increases in the 
meteor count rate caused by meteor showers adding to the sporadic m eteor background. 
The gap in the Esrange data between days 200-220 is due to a hard disk failure. This is 
the only gap that has occurred in 4 years o f data recorded from October 1999. The gaps 
in the Ascension Island data presented in Figure 2.13 are due to sporadic power failures.
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Figure 2.13. Daily meteor count rates from the Esrange and the Ascension  
Island radars for the year 2002.
The Ascension Island data in Figure 2.13 displays an annual cycle very sim ilar to the 
one observed at Esrange, including the 3:1 ratio between daily meteor counts in Ju n e - 
August and February-M ay. There also appears to be an enhancem ent in the daily count 
rates at Ascension Island late in the year. This is possibly due to the 12 m eteor showers 
active in Novem ber and December, including the Geminid and the Leonid showers.
The annual mean o f the diurnal cycle in hourly meteor count rates from the Ascension 
Island radar for the year 2002 is shown in Figure 2.14a. A diurnal cycle in count rates is 
immediately obvious. The maximum count rate is reached in the morning, at about 6  
hours local time (7 hours UT) and the minimum count rate in the afternoon at about 18 
hours local time (-1 9  hours UT). At the Ascension Island site this diurnal cycle 
produces a ratio o f about 10:1 between the maximum and m inimum meteor count rates.
Figure 2.14b shows the averaged observed hourly meteor count rates from the Esrange 
radar for the year 2002. A diurnal cycle in hourly m eteor count rates is also observed, 
sim ilar to the cycle observed at Ascension Island. However, the ratio o f  m orning to 
afternoon meteor count rates is about 2 :1 .
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This diumal cycle can be easily explained by considering the orbital geometry presented 
in Figure 2.3. The high count rate part o f the day at each site (00:00-12:00 LT) 
corresponds to the time when the site is on the leading hemisphere o f the Earth. Hence 
the site is observing the part o f the Earth’s atmosphere that is ‘sweeping up’ the sporadic 
meteors in its path. In contrast, the low count rate part o f  the day (12:00-00:00 LT) 
corresponds to the time when the site is on the trailing hemisphere o f the Earth. A t this 
time the Earth is blocking the apparent drift o f  meteors past the Earth. The amplitude o f 
the diumal cycle is dependent on an observer’s latitude, as can be seen in Figure 2.14 a- 
b, the higher latitude sites are less affected by this ‘blocking’ mechanism than low 
latitude sites.
a) b)
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Figure 2.14. Average diurnal m eteor count rate from a) A scension  Island b) 
Esrange for the year 2002.
2.2.5. Determ ination o f Zonal and M eridional H ourly Mean W inds
The method o f determining the winds used in this study is based on the following two 
assumptions:
1. That there are negligible vertical winds on a timescale o f hours -T h is 
assumption is necessary to allow the calculation o f the horizontal winds 
from the radial drift measurements. This assumption is justified as 
horizontal winds are known to be at least one order o f magnitude larger than 
vertical winds. This general result has been established by numerous radar
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studies in which both horizontal and vertical winds have been measured 
accurately (e.g. Fauliot, 1997).
2. That the atmosphere within the meteor collecting volume o f the radar moves 
as a uniform slab within a given height range - This assumption is justified 
as in the case o f mean winds, tides and planetary waves the long horizontal 
scales o f the phenomena are much larger than the horizontal scale o f  the 
meteor collecting volume.
These two assumptions require that measurements from many individual echoes must be 
combined in order to calculate a reliable wind vector and so only large-scale 
phenomena, such as tides and planetary waves, may be easily investigated using this 
technique.
The first step o f the analysis procedure is to filter out any spurious echoes that could 
interfere with the wind analysis. To this end, only meteor echoes which meet the 
following criteria are used:
1. There must be no ambiguity in position -  i.e. AM BIG parameter is 1.
2. The echo decay half time (TAU) is greater than 0.015 s. This is done to 
reject short-lived noise spikes.
For each meteor the horizontal velocity is inferred from the radial velocity with the 
inclusion o f a curved-Earth correction. Figure 2.15 shows the geometry o f the curved- 
Earth correction and the horizontal wind calculation.
The next step in the analysis procedure is to calculate the horizontal wind drift velocity 
for each meteor trail. This is accomplished by using equation 2.2a.
v » = 2 -2a sin (a )
a  = cos 1
f (rE + h f  + r 2
2 r(rE + h)
2.2b
V rad is the measured radial velocity, V h is the calculated horizontal wind velocity, r is 
the measured range o f the meteor, h is the calculated true height o f the meteor, hf the
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false height (no curved earth correction), rn is the radius o f the earth. Equations 2.2 a,b 
can be derived from the trigonometry outlined in figure 2.15.
▼ V rad
2. ZL
To centre o f  
Earth
Figure 2.15. Geometry o f  curved-earth correction and horizontal wind 
calculation. Note. V RAD is the measured radial velocity, VH is the 
calculated horizontal wind velocity, R is the measured range o f  the meteor, 
h is the calculated true height o f  the meteor, hf the false height (no curved 
earth correction), Re is the radius o f  the earth.
The data are then divided into the height gates given in Section 2.2.4.1. The data are 
sorted by moving a two-hour window through the dataset in steps o f one hour and 
horizontal winds representative o f the whole collecting volume are calculated for each 
step (as described below). Figure 2.16 shows a typical azimuth-velocity plot for such a 
two hour data interval. This particular plot shows two-hours o f  meteor data from July 
1st 2002, from the Ascension Island radar. At this point, any horizontal winds over 
200 m s ' 1 are rejected as potentially spurious. Such very high velocities can be obtained 
when a  is a small angle; therefore, in equation 2 .2 a, sin (a) —► 0 , yielding very large 
horizontal velocities.
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The individual meteors recorded are relatively evenly distributed in azimuth around the 
radar. Positive velocities are directed away from the radar, and negative velocities 
toward the radar. If the atmosphere over the radar had no small-scale features and 
simply moved as the ‘slab’ identified in assumption 2  alone, then the horizontal 
velocity-azimuth distribution would be perfectly sinusoidal in form. The presence o f 
small-scale structure in the real atmosphere leads to a scatter in the horizontal velocities 
around the hypothetical perfect sinusoidal curve.
The amplitude o f  the sinusoidal distribution corresponds to the velocity o f the slab flow. 
The phase o f the sinusoidal curve yields the direction o f flow. The amplitude and phase 
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Figure 2.16. An azimuth-horizontal wind velocity plot for 35 individual 
meteors recorded at heights between 8 3 -8 6  km, at 10:00-12:00 on July 1st, 
2002,over Ascension Island. The approximately sinusoidal dependence o f  
horizontal velocity with azimuth is shown. Note. Positive values are away 
from the radar.
Figure 2.17 presents the same data as in Figure 2.16, but in this case the data are 
presented as a vector distribution o f  horizontal winds calculated for each individual 
meteor echo. A clear south-south-easterly wind is observed, and illustrates the strength 
o f the assumption that the atmosphere within the collecting volume o f  the radar moves 
as a 'uniform  slab*.
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Figure 2.17. The vector field o f  individual radial meteor winds for 35 
individual meteors recorded at heights between 83 -8 6  km, at 10:00-12:00  
on July 1st, 2002, over Ascension Island.
The direction and magnitude o f  the mean wind in each two-hour window is produced by 
fitting a sum o f a sine and cosine terms (equation 2.3a) to the azimuth-horizontal 
velocity data using a least-squares fitting method. The parameters R and <f> correspond 
to the magnitude and direction o f  the mean wind at that time and height.
R cos(# -  <f>) = /?[cos 6 cos (f) + sin 9 sin (f\ = A cos 6 + B sin 6 2.3a
W here A = Rcos</>, B = R sin ^ , 0 is azimuth and <f) is arbitrary phase. The coefficients 
A and B are the fit parameters calculated in the least-squares fitting procedure, and are 
related to the wind direction and magnitude by the following equations. Equations 2.3 
b-c, are then used to determine the magnitude and direction o f  the mean wind, and are 
simply derived from the definitions o f  A and B (equation 2.3a).
wind direction (azimuth), ^  = arctanf — 2.3b
wind magnitude, R = yl(A2 + B2) 2.3c
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A Student t-test is then performed to assess the 'goodness o f  fit’ between the fitted data 
and the velocity measurements. Low meteor count rates and non-uniform azimuthal 
m eteor distributions can affect the fitting procedure producing a 'bad fit’. A confidence 
level o f  90% was used when deciding whether to accept or reject a fit (and hence reject 
the hourly mean wind vector). The resultant w ind vector is then resolved into the zonal 
(East-W est) and meridional (North-South) components.
2000 1 2001 I 2002 j 2003
Figure 2.18. The Fractional coverage o f  calculated winds for a) Ascension  
Island and b) Esrange. The bar above each plot represents the status o f  the 
radar. A red box indicates that the radar was not transmitting.
2003
At this point time-series o f zonal and meridional hourly winds are compiled. The final 
stage o f the analysis is to run a quality check through the resultant meridional and zonal 
winds removing any outliers in the data. The data are checked by m oving a 24-hour 
window through the dataset in steps o f  one hour and the mean and standard deviation o f 
winds representative o f  each step are calculated. Any winds greater than two standard
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deviations away from the mean within each step are removed as spurious. The data 
coverage from the Esrange and Ascension Island radars are shown in Figures 2.18 a-b.
Figure 2.18 was calculated by moving a 30-day window through the dataset in steps o f 
15 days and calculating the percentage o f hours for which a wind could be calculated 
that passed the checking criterion above. Both Figures show the best coverage to be 
between 85-95 km. This height range corresponds to the maximum in meteor count 
rates as shown in Figure 2.9.
2.3. An Overview of Other Techniques
In this Section, other techniques used in studies o f the middle atmosphere will be 
outlined. This is important, as no one technique has been devised able to fully measure 
all o f  the properties o f the M LT region. Hence, a complete understanding o f  the MLT 
can only be achieved by the use o f multiple techniques. A  short description o f some of 
the various techniques used to probe the middle and upper atmosphere will be provided 
and their advantages and disadvantages discussed.
2.3.1. Balloon-Borne Instruments
W idely used by the weather services o f the world, balloon-borne packages can make 
observations o f temperature, humidity, chemical mixing ratios, pressure and other 
quantities as a function o f  height. The tracking o f the balloon by radar or an onboard 
GPS system can provide wind data. The simplicity o f use o f these devices means that 
they have become one o f the primary information sources for studying the thermal, 
chemical and dynamical state o f the atmosphere at heights below ~  40 km.
Typically, balloon-borne instruments are commercially available, easy to use and cheap, 
providing high resolution, in situ measurements o f a number o f atmospheric parameters. 
Radiosondes (one type o f balloon-borne instrument) are launched by weather agencies 
from a global network o f stations twice a day. Such a large and well-organized network 
is a very good source o f information for tropospheric-stratospheric studies, and has 
become a very important source o f information on waves in the lower atmosphere.
72
Chapter  2 - Meteor Wind Radars  and Othe r  Techniques
2.3.2. Radars
Ground-based atmospheric radars typically produce wind measurements with time 
resolutions o f the order o f a few minutes. The most powerful systems can observe from 
near the ground to a height o f well over 100 km, albeit with a gap between 25-60km. 
Radars can observe the three-dimensional wind field and as such are excellent 
instruments to observe atmospheric dynamics. There are four main types o f radar used 
to study the dynamics o f the middle atmosphere. These are: mesosphere-stratosphere- 
troposphere (MST) radars, medium frequency (MF), incoherent scatter (ISR) and meteor 
radars. The latter technique has already been described and so only MST, MF and ISR 
radars will be discussed here.
2.3.2.1. M ST -  M esosphere, Stratosphere, Troposphere Radar
M ST Radars work in the VHF frequency band. Typically, frequencies near 50 MHz are 
used by such radars. M ST radars make use o f the scattering and reflection from the 
large gradients in humidity, temperature and electron density present on the boundaries 
o f turbulent cells. Such turbulence is ‘frozen’ into the mean flow and so horizontal and 
vertical winds can be calculated. As the name implies, M ST radars generally have good 
data coverage at heights below ~20 km and intermittent data coverage in the lower 
mesosphere. Mesospheric observations suffer from the generally low levels o f 
ionisation found near the mesopause, which gives rise to intermittent coverage. 
Typically M ST systems are large and powerful devices, examples o f  this type o f radar 
include Jicamarca and Arecibo.
Typically wind data is sampled in 1-3 minute intervals, with range resolutions between
50-3000m. M ST radars are physically large instruments with antenna arrays ranging in
2 2size between 1000 m -  100,000 m . Such systems typically have peak powers between 
1 kW  -  1 MW. The large size and power requirements and the associated costs are a 
major drawback for these systems. However, M ST radars have excellent temporal and 
range resolution and have become a very good source o f information for studying the 
dynamics o f the troposphere and stratosphere.
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2.3.2.2. MF -  M edium Frequency Radar
These radars operate in the MF band at frequencies between 2 -6  MHz and utilise the 
scattering from the sharp variations in electron density associated with 2-D turbulence. 
By assuming that the turbulence is ‘frozen’ into the mean flow it is possible to calculate 
the vertical and horizontal components o f wind velocities in the 65-100 km height 
range. This range however is in question.
Typically wind data are calculated in 2 minute intervals, and a vertical resolution as low 
as ~2 km can be achieved. Most systems use a spaced array o f receivers to measure 
wind velocity. MF radars have excellent temporal resolution and sample a sufficiently 
small volume that gravity waves can be observed, the continuity o f data collection is 
also excellent so long period oscillations such as tides and planetary waves can also be 
observed. Such systems are a very good source o f  information for studying the 
dynamics o f the mesosphere, and have become a very important source o f information 
on waves in the middle atmosphere.
It should be noted, however, that there exist discrepancies between the measurements 
made by MF radars at heights above ~85 km and those made by the meteor wind 
technique. The discrepancies manifest themselves as a decrease in wind speeds at 
heights above ~85 km. The investigation o f M anson et al. (2004), used one meteor 
wind radar and two MF radars located in northern Sweden, to study this discrepancy. 
Over the course o f one year the winds derived from the meteor radar observations were 
found to be larger than the winds derived using the MF radar technique. Annual median 
factors o f 1.6 at 97 km and 1.1 at 85 km were observed. The level o f this decrease was 
found to depend on season at heights above 85 km. M ean factors o f 1.4±0.2 at 97 km 
and 1.2±0.2 at 85 km were observed in the summer months compared to 1.8±0.2 at 97 
km and 1.1±0.3 at 85 km in the winter months. The reason for the inconsistency is 
unknown. However, studies using the meteor radar and two MF radars in northern 
Sweden (the Scandinavian triangle) are addressing this issue.
2.3.2.3. ISR  -  Incoherent Scatter Radar
Incoherent Scatter Radars (ISR) are powerful systems (typical peak power ~ l-3  MW) 
used to study neutral and ion drift velocities, temperatures, and electron and neutral 
densities, at heights over ~70km. ISR radars operate in the 40-1300 M Hz frequency
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range and utilise the scattering from ion-acoustic waves present in the ionosphere. I f  an 
ion-acoustic wave has a wavelength that is half the wavelength o f the radar then the 
Bragg scatter condition implies a strong return signal due to constructive interference 
from successive ion-acoustic wave crests. EISCAT and Millstone Hill are examples o f 
this type o f radar.
Typically wind data are time integrated over 60-second intervals and a vertical 
resolution as low as ~3 km can be achieved. Such instruments are very large, powerful 
and expensive (both to construct and run) but are a good source o f information for 
mesosphere-ionosphere-magnetosphere studies. The time demands from competing 
experiments means that ISR’s generally operate on a campaign basis (each continuous 
run lasting several days).
During the AIDA ’89 campaign a meteor radar was operated in conjunction with the 
Arecibo Incoherent Scatter Radar (ISR). The main motivation for the placement o f the 
meteor radar was to validate neutral wind measurement techniques. This study showed 
that at heights below 95 km the iin e -o f  sight’ winds measured by the meteor radar 
system and the ISR agreed to within 5m s'1 -  within the measurement error o f the ISR 
and meteor radar systems (Turek, Miller, Roper and Brosnahan, 1995).
2.3.3. Lidar
Lidars are the optical equivalent o f radars. Instead o f a radio wave being scattered from 
a target, monochromatic optical pulses from a laser are backscattered from atmospheric 
molecules and/or aerosol particles. The signal is detected as a function o f range by a 
telescope. If  very short pulses are used then excellent range resolution can be achieved. 
Mie, Raman and fluorescent scattering are not generally used to investigate the M LT 
region. However, the Rayleigh and resonant scattering mechanisms have been used 
very successfully to produce density and temperature measurements o f the middle 
atmosphere.
Typically data are time integrated over 1-30 minute intervals, with a vertical resolution 
that can be as low as -100  m. Such instruments are used to study the energetics and 
dynamics o f  the troposphere and mesosphere and generally operate on a campaign basis, 
as often, operations need to be supervised.
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2.3.4. Airglow Cameras and Spectrometers
These very sensitive cameras focus light from faint atmospheric emissions onto a CCD 
array so that the output can be stored electronically. They provide a way to directly 
image waves and their effects in the atmosphere. Different airglow emissions occur at 
different frequencies, hence narrow-band filters placed in front o f the camera can isolate 
a particular airglow emission. In the mesosphere the strongest emitters are OH Meinal, 
O2 atmospheric bands and 557.7 nm airglow, these come from heights o f -8 7 , -9 3 , and 
-9 7  km respectively. Study o f the different airglow layers allows investigation o f the 
atmosphere at different heights.
Two types o f airglow instrumentation have been developed: imaging cameras and 
spectrometers. Imaging cameras generally contain wide angle optics, so the CCD 
records an image o f all the sky. Wave-like features can be seen in these airglow images 
and are attributed to gravity waves at mesospheric heights. Airglow images can be 
analysed to estimate the speed, wavelength and direction o f the imaged waves. 
Spectrometers are do not image airglow, instead such systems generally measure a small 
volume o f the atmosphere and can provide accurate temperature information at airglow 
heights.
Typically airglow measurements are integrated over 10-60 second intervals. Airglow 
instrumentation can only work in dark sky conditions, i.e. at night, and hence are not 
good instruments for long-term tidal studies. However, such instruments are a good 
source o f information for studies o f the propagation o f gravity waves in the mesosphere 
and generally operate on a campaign basis due to the massive amounts o f data collected.
2.3.5. Rocket Observations
The state o f the middle atmosphere, especially at low latitudes, was first observed using 
rocket-borne experiments. Rocket measurements are now less routine, with the advent 
o f cheaper, continuous ground- and satellite-based observing systems. However some 
atmospheric processes in the M LT region still defy remote-sensing, so high resolution 
in-situ measurements still need to be made. M any different types o f rocket payload 
exist. However the main methods o f concern here are rocketsonde observations and the 
falling sphere technique.
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A rocketsonde is an instrument package, very similar in operation to the radiosonde 
discussed in Section 2.3.1. The rocketsonde is launched and at apogee (roughly 60 km 
in height) the sonde is released. Temperature and pressure measurements are 
transmitted back down to a ground station as the sonde falls suspended by a parachute. 
Radar tracking o f the falling sonde can provide horizontal wind measurements. Height 
resolutions o f approximately 500 m were achieved when rocketsondes formed the 
backbone o f the meteorological rocket network (MRN) during the 1970s and 1980s. 
The MRN made coordinated synoptic-scale rocketsonde observations and provided an 
important source o f information on wind and waves, especially gravity waves in the 
stratosphere.
The falling sphere technique provides density, wind and temperature data, for heights 
between -3 0  km -100 km. An inflatable metallic-coated M ylar sphere ~ lm  in diameter, 
is launched to a height o f over 100km, the sphere is then dropped from the rocket and 
inflated. Since the sphere’s drag coefficient is known the atmospheric density can be 
determined by measuring the acceleration o f the sphere by a high precision tracking 
radar. Once the density profile is known then the equations o f  state and hydrostatics can 
be used to determine the atmospheric temperature profile. As with the radiosonde and 
rocketsonde the horizontal winds at a specific height can be observed by radar tracking 
o f the falling sphere. The errors associated with this method o f  wind determination are 
about 3 m s'1.
2.3.6. The UARS Satellite (HRDI and W INDII)
The Upper Atmosphere Research Satellite (UARS) was launched in 1991 and has 
provided a crucial global perspective on planetary waves, tides, prevailing winds, and 
their effects on atmospheric chemistry. Nine instruments were deployed on the satellite 
and two o f these instruments, the HRDI and WINDII instruments, were devoted to 
measuring winds in the middle atmosphere and thermosphere.
The High Resolution Doppler Imager (HRDI) was a limb viewing instrument, that 
observed Doppler shifts in the absorption and emission lines o f the O2 atmospheric 
airglow band. Scanning vertically across the planetary limb provided a height profile o f 
the O2 atmospheric band between 60 to 115km. By observing the same volume from
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two orthogonal directions vector winds within this height range could be determined. 
HRDI operated from November 1991-February 1999.
WINDII was a limb-scanning instrument that observed visible airglow emissions in the 
80-300 km altitude band. The airglow was analysed using Doppler interferometry and 
yielded wind, temperature, and emission rate measurements. Analysing a sequence o f 
phase-stepped images in orthogonal view directions produced horizontal winds. 
WINDII operated between November 1991-August 1997.
Both instruments have height resolutions o f approximately 2 km, but a horizontal 
resolution o f a few hundred kilometres. This resolution is due to the inherent spatial 
averaging o f the limb-viewing geometry.
Hasebe et al., 1997, provides a validation study o f HRDI winds with a meteor radar at 
Jakarta. It found that the precision o f the HRDI wind profiles are ~ 20 ms"1. This study 
also found that overall differences in the wind velocities measured using the two 
techniques were not statistically significant at the 0.01 level.
2.3.7. The TIM ED Satellite
The TIMED (Thermosphere, Ionosphere, Mesosphere Energetics and Dynamics) 
satellite carries a payload o f four instruments: GUVI, SEE, SABER and TIDI, which 
together can observe the atmosphere at heights between 60-180 km. Only the SABER 
and TIDI instruments will be described here as they are the most relevant to the work 
presented in this thesis.
The SABER instrument is a limb-scanning infra-red radiometer collecting data on the 
energetics, composition and dynamics o f the atmosphere below a height o f ~ 180 km. 
This is accomplished by measuring the vertical distributions o f ozone, water vapour, 
carbon dioxide, nitrogen, hydrogen gases, and temperature.
The TIDI instrument is a lim b-scanning doppler interferometer, measuring the 
molecular oxygen (O2) and atomic oxygen (O) lines. TIDI can determine the 
wavelength o f light to a very high degree o f  precision and is globally measuring the 
speed and direction o f winds in the atmosphere, as well as measuring atmospheric
78
Chapter  2 - Meter'll' Wind  Radars  and Oth er  Techniques
density and temperature, at heights between 60-180 km (dayside) and 80-110 km (night 
side).
In conclusion, a wide variety o f techniques have been developed to observe the 
stratosphere, mesosphere and lower thermosphere. M eteor wind radars are a ‘semi- 
portable’ system, requiring considerable effort to move. This is a disadvantage when 
compared to the more portable Lidar and airglow Systems. However, the better 
temporal coverage more than compensates. Airglow cameras have a better spatial 
resolution then meteor radars, and are excellent tools for observing small-scale 
phenomena like gravity waves, but they can only operate in dark sky conditions. At 
mid-latitudes this equates to ~ 8 hours/day. Satellites can observe most o f the 
atmosphere, providing valuable data on the spatial structure o f planetary-scale waves. 
However, this enhanced spatial coverage is at the cost o f poor local time resolution.
In conclusion, meteor radars are excellent tools for observing the mean winds, tides and 
long-term changes in the atmosphere. In the decade to come meteor radars will be a 
major source o f data in determining the role o f the solar cycle in atmospheric dynamics, 
as well as looking for the long-term effects o f climate change. The advantages and 
disadvantages o f each technique are summarised in Table 2.3 and Figure 2.19.
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Not an ‘all sky’ system
M eteor radar 80-100 km Continuousmeasurements
Cannot study small 
spatial or tem poral scales
M ST radar 0-20  km 75-90 km
High temporal 
resolution
Performance depends on 
atmospheric parameters
M F radar 65-100 (85) km High temporal resolution
ISR radar 70 + km
High data rate 
Numerous 
param eters are 
measured
High power demand 












N ot an ‘all sky’ system 





80-100 km Direct m easurement o f gravity waves
Only runs in the dark 
Only observes small-scale 
structure
Rocket 0-100 km High resolution In-situ measurement
Intermittent
measurements
Not an ‘all sky’ system
N on-autonomou s
operation
Satellite 0-180 km Planetary scale observation
Very high cost
Low ‘local tim e’ temporal
resolution
Table 2.3. Summary o f  relative advantages and disadvantages o f  various 
techniques for observing the m iddle atmosphere.
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200
Resonance RayleighMST MF ISR1 7 5 -
IS O -  T h e r m o s p h e r e
1 2 5 -
Meteor Radar
100 -
7 5 -  M e s o s p h e r e
5 0 -
S t r a to s p h e r e
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T r o p o s p h e r e
B a l lo o n s  R a d a r  L idar A irg low  R o c k e ts
Figure 2.19. A schematic diagram o f  the height ranges accessible by the 
techniques outlined in Section 2.3. Green bars denote remote-sensing 
techniques, blue bars denote in situ measurements and the gold bar indicates 
the height range o f  the meteor radar technique.
2.4. Conclusions
This Chapter has outlined the physics behind meteor wind radars, how they operate and 
the data such systems provide. The two radars used in this study have been introduced 
and the distribution o f m eteor echoes discussed. The method by which horizontal 
hourly winds are determined was presented. M eteor radars have been placed in context 
in comparison to other techniques capable o f  observing the M LT region.
It has been shown that M eteor radars are an excellent tool for observing mean winds, 
tides and planetary waves in the atmosphere at heights between 80-100 km. The 
Skiymet system is a commercially available product that provides full local time 
coverage with a near 'a ll-sky ' capability (see Figures C1-C2). The systems on 
Ascension Island and Esrange run 24 hours a day, 7 days a week (excluding power 
outages and breakdowns, see Figures 2.17a,b). This excellent temporal coverage
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provides more wind data than almost any other type o f  system, apart from MF and MST 
radars.
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Chapter 3
The 8-Hour Tide in the Arctic
3.1. Introduction
Observations o f the M LT region by ground-based radars and optical measurements in 
conjunction with satellite measurements have revealed an environment dominated by 
atmospheric waves and tides o f large amplitude (see Chapter 1). M igrating and non­
migrating atmospheric tides occurring both in situ and in the underlying and overlying 
atmosphere are among the largest amplitude motions observed in the M LT region. The 
migrating tides o f period 12- and 24-hours have been the subject o f some considerable 
study, and observations by both ground-based and satellite instruments have established 
the main features o f their large-scale structure - at least at mid-latitudes (e.g., Burrage et 
al., 1995; Manson et al., 1999; Pancheva et a l,  2002). M odelling studies, such as the 
Global Scale Wave Model (GSWM) are now able to reproduce at least some of 
observed tidal characteristics (e.g., Hagan et al., 1999).
There have been, however, only a very limited number o f  studies o f the 8-hour tide in 
the M LT region. These include ground-based MF-radar, meteor radar, ISR, and Lidar
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campaigns. The first two techniques are at least in principle capable o f  providing 
climatological information, placing other short-term measurements into context. 
Measurements have also been made from the HRDI instrument aboard the UARS 
satellite at latitudes from 60°N-60°S providing an important large-scale perspective. 
Finally, two modelling investigations o f the 8-hour tide have recently been published.
The majority o f ground-based observational studies have considered measurements 
made in the Northern Hemisphere at middle latitudes (e.g., Glass and Fellous, 1975; 
Manson and Meek, 1986; Thayaparan, 1997; Pendleton et al., 2000). The MF-radar 
study o f Thayaparan (1997) revealed that, at mid-latitudes, the 8-hour tide can reach 
amplitudes as large as 20 ms’1 for short intervals o f time and exhibits a seasonal 
behaviour in which maximum amplitudes are reached in the winter and spring months, 
and where the summer and autumn amplitudes reach 25 - 50 %  o f  these values. 
Particularly noticeable in this latter study was a large day-to-day variation in the 
amplitude.
Only very limited measurements o f  the 8-hour tide appear to have been made at high- 
latitudes. A study by Virdi and W illiams (1993) using 26-days o f data from the 
EISCAT radar, over the years 1987-1990 provided only intermittent sampling o f the 8- 
hour tide. A similar intermittent sampling was used in the later study by van Eyken (van 
Eyken et a l,  2000). Nevertheless, these studies have revealed that the 8-hour tide can 
be a significant component o f the high-latitude M LT-region motion field and that at 
times it reaches amplitudes comparable to those o f the 24-hour tide.
Recently, measurements made by the High Resolution Doppler Interferometer (HRDI) 
instrument onboard the UARS satellite have been used to investigate the 8-hour tide at 
latitudes between 60°N and 60°S (Smith, 2000). These observations suggest that the 8- 
hour tide is a permanent feature o f the M LT region. This study also suggested the 8-hour 
tide at low- and mid-latitudes reaches maximum amplitudes during autumn and winter. 
The zonal component o f the tide was revealed to have a symmetric structure about the 
equator (i.e. the zonal tidal oscillations are in phase in each hemisphere). Maximum 
zonal amplitudes were found to be about 12 m s'1 and to occur at mid-latitudes (44°S and 
50°N) -  but note that HRDI did not observe the high-latitude atmosphere. In the case o f 
the meridional component, the tidal oscillations were found to be anti-symmetric about 
the equator (i.e., the meridional tidal oscillations are in anti-phase in each hemisphere).
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In other words the 8-hour tide manifests itself as a rotating wind vector, the rotation 
being clockwise in the Northern Hemisphere and anticlockwise in the Southern 
Hemisphere. In contrast to the zonal amplitudes, the maximum meridional amplitudes 
were found to occur at latitudes o f 20° North and South, when the amplitude reached 
about 5 m s'1.
Only three modelling studies to date have addressed the 8-hour tide (Glass and Fellous 
1975; Smith and Ortland, 2001; Akmaev, 2001). The study o f Smith and Ortland found 
the 8-hour tide to arise naturally in a non-linear model covering the troposphere to 
lower-thermosphere height range. The model results reproduce many features o f the 
observed tide, including the amplitude having a winter maximum and summer 
minimum. In these model results, maximum amplitudes in all seasons occur at latitudes 
o f about 55°N/S and the zonal wind amplitudes are larger than the meridional 
amplitudes
A number o f alternative explanations for the excitation o f  the 8-hour tide have been 
proposed. These are:
1. Direct thermal excitation by solar heating, primarily o f the upper 
stratosphere (e.g., Chapman and Lindzen, 1970).
2. Non-linear interaction between the 12- and 24-hour tides (e.g., Smith and 
Ortland, 2001).
3. A combination o f the two (Glass and Fellous, 1975; Akmaev, 2001).
4. Interaction o f the 24-hour tide with gravity waves (Miyahara and Forbes, 
1991).
One interesting aspect o f the observations is that there appears to be a positive 
correlation between the amplitude o f  the 8-hour tide and the amplitudes o f the 12- and 
24-hour tides (Thayaparan, 1997; Smith, 2000). This would initially seem to support the 
idea that non-linear interactions play a part in exciting the 8-hour tide, as the amplitude 
o f the two tides are positively related. However, in this explanation the 8-hour tide is 
one o f the secondary waves generated by the non-linear interaction between the 12- and 
24-hour tides. The energy contained in this wave must come from the two primary 
waves; therefore, one might expect that a negative correlation should exist between the 
amplitude o f the 8-hour tide and the amplitudes o f the 12- and 24-hour tides.
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Continuous measurements o f  high-latitude M LT-region winds with accurate height 
resolution have only recently become available. Figure 3.1 illustrates the location o f  the 
m ajor ground-based instruments that have made Arctic M LT wind measurements in the 
last five years (also see Table 3.1.). In this work, we will examine continuous data 
recorded over the interval October 1999 to April 2001 by the VHF meteor radar at 
Kiruna in Arctic Sweden.
In this Chapter Section 3.2 defines a seasonal climatology o f  the 8 -hour tide in terms o f 
the m onthly-mean amplitude, phase behaviour and vertical wavelength and compares 
these results with those observational and modelling studies described in Section 3.1. 
Section 3.2.3 provides evidence that the 8 -hour tide, at least on some occasions is driven 
by non-linear interactions between to the 12- and 24-hour tides. A preliminary version 
o f  the results presented here was published as Younger et al. (2002).
Figure 3.1. The location o f  radars capable o f  making observations o f  
the Arctic MLT region (see Table 3.1).
Site Lat Long Type
1 Poker Flat, Alaska, USA 65 -147 MF
2 Sondrestrom, Greenland 67 -51 ST as meteor
3 Esrange, Sweden 68 21 Meteor & MST
4 Andenes (Sousy), Norway 69 16 MST
5 Alomar, Norway 69 16 MF
6 Tromso, Norway 70 19 MF & ISR
7 Dixon Is, Russia 72 80 Meteor
8 Resolute Bay, Canada 75 -95 Meteor
9 EISCAT Svalbard radar 78 15 ISR
Table 3.1. The geographical location o f  radars capable o f  making 
observations o f  the Arctic MLT region (see Figure 3.1).
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3.2. Results
3.2.1. Basic Characteristics o f the 8-Hour Tide
The presence o f an 8-hour periodic signal, present at least some o f the time, in the wind 
time series recorded over Esrange is demonstrated by the power spectrum presented in 
Figure 3.2. The Figure presents the power spectrum calculated from the entire 365-day 
time series o f meridional winds measured at 96.7 km in the one-year period January- 
December 2000. A Lomb-Scargle periodogram and a 365-day boxcar window were 
used in this analysis. Three distinct peaks are evident at periods o f 8, 12 and 24 hours 
(labelled), all o f  these peaks are over 90% significant. There are also fluctuations at 
lower frequencies, identified with planetary waves and the general circulation. Also 
evident is a region at higher frequencies where the power declines with increasing 
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To examine this 8-hour oscillation in more detail, a superposed-epoch (or “composite”, 
or “mean” day) analysis o f band-pass filtered zonal and meridional winds was
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Figure 3.2. The power spectrum o f  hourly meridional w inds at a height o f  
96.7 km in the interval January to D ecem ber 2000. Peaks corresponding to 
periods o f  8, 12 and 24 hours are labelled.
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performed. The band-pass filter was set to remove all oscillations o f frequency lower 
than 2.5 cycles per day, and higher than 3.5 cycles per day. (i.e. periods o f more than 9.6 
hours, and less than 6.9 hours). As an example o f the results o f this analysis, the data 
from each month in 2000 are presented in Figures 3.3a,b as time-height contours o f the 
band-passed winds for each component. The Figures show that in each month there is a 
phase-coherent 8-hour oscillation present across the height range observed. Note that the 
band-pass winds calculated for each height gate are entirely independent and so this 
phase coherence provides very strong supportive evidence that the data genuinely 
contains the signature o f an 8-hour wave or tide. The amplitude o f the observed 8-hour 
wave increases with height and in the zonal component has values o f approximately 2 
m s'1 at 81 km throughout the year. This rises to values o f about 6 m s'1 at 94 km in 
September and October. In all other months amplitudes o f about 2-3 m s'1 are observed 
at 94 km. A similar behaviour is seen in the meridional component with maximum 
amplitudes o f about 7 m s'1 observed at 94 km, in February and September, with lower 
values o f about 2 m s'1 seen throughout the rest o f  the year.
A phase decrease with increasing height is evident, indicating a finite vertical 
wavelength and upward propagation o f energy. A more detailed analysis o f the 
amplitude and phase behaviour is presented in Section 3.3.2.
Note that, although the gravity-wave component o f the spectrum will be expected to 
extend to periods as long as the inertial period (some 12.9 hours at Esrange), the peak in 
Figure 3.2 at 8-hours rises significantly above the gravity-wave background. Further, we 
would expect any gravity waves o f  period near 8 hours to be randomly phased and so 
they would self-cancel in a superposed epoch analysis o f the type presented in Figure
3.2. These factors strongly suggest that this feature is a distinct, tidal, oscillation, rather 
than simply being due to gravity waves o f  period near 8 hours.
However, we must also consider the possible role o f waves with periods near 8 hours 
that are not gravity waves and are not a manifestation o f the solar-driven 8-hour tide. In 
particular, there are observational and theoretical studies suggesting the existence o f 
“intra-diumal” Lamb waves in the high-latitude mesosphere (e.g., Hernandez et al., 
1992; Forbes et al., 1999; Portnyagin et al., 2000). These authors report that such waves 
can attain significant amplitudes (> ~ 10 m s'1) in the M LT region and include waves o f a 
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Figure 3.3a. Superposed epoch analysis o f  zonal bandpassed hourly winds,
with frequency boundaries 2.5-3.5 cycles/day. Contours are spaced 2 m s'1
apart and the thick solid line denotes the contour o f  zero wind.
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Figure 3.3b. Superposed epoch analysis o f  meridional bandpassed hourly 
winds, with frequency boundaries 2 .5-3.5 cycles/day. Contours are spaced 
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The question therefore arises, are our observations recording Lamb waves rather than a 
tide? Two factors strongly support a tidal rather than a Lamb-wave interpretation. The 
first is the presence o f the 8-hour wave structure in the superposed epoch analysis o f the 
monthly data presented in Figure 3.3. This indicates a motion whose period is exactly 8 
hours because a slightly different period would result in self-cancellation. Secondly, the 
phase gradients evident in Figure 3.3 suggest a vertical wavelength less than 100 km 
(see Section 3.2 for details o f the observed vertical wavelengths). Numerical modelling 
o f the 9-hour symmetric Lamb wave reveals a vertical wavelength in excess o f 300 km 
in the meteor region (Pogoreltsev, private communication, 2001. See Pogoreltsev, 1999 
for details o f the model). These factors, along with the distinct spectral character, again 
strongly suggest that the observed 8-hour oscillation is in fact a tide. Hence, we will 
hereafter interpret such oscillations as manifestations o f the 8-hour tide.
To examine the nature o f the 8-hour tide in more detail, a band-pass filtering o f the wind 
time series for each height gate was performed. The band-pass filter was set to reveal 
oscillations with periods less than 9.6 hours and so only reveals a period range known to 
be dominated by the 8-hour tidal signal o f Figure 3.2. Examples o f the zonal high passed 
winds at a height o f 90.4 km for the three months o f March, July and October 2000 are 
presented in Figures 3.4a-c. From the Figures, it is clear that the 8-hour tide is highly 
variable in character. For example, significantly larger peak amplitudes are reached in 
October (in excess o f 20 m s'1) than in the other two months.
A tremendous day-to-day variability o f the tidal amplitude is evident. For instance, 
during October 17, the amplitude changes from 0.5 m s'1 to ~ 40 m s'1 within the space o f 
24 hours. Also, note that some o f the amplitude fluctuations appear quasi-periodic in 
character. For example, successive maxima o f tidal amplitude in the interval October 
10-25 are regularly spaced by approximately 2.2 days -  a period suggestive o f the well- 
known quasi-2-day wave. Similar modulation o f the amplitude o f the 12-hour tide at 
planetary-wave periods has been frequently observed and has been interpreted as a result 
o f  non-linear coupling between tides and planetary waves (e.g., Teitelbaum and Vial, 
1991; Vial, 1993; Mitchell et al., 1996; Pancheva, 2001). This great short-term 
variability o f the 8-hour tide means that on occasions it can actually exceed the 12- and 
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Figure 3.4. Band-pass wind data, at 90.4km, for the months o f  (a) March, 
(b) July and (c) October 2000. All Oscillations with frequencies less than 
2.5 cycles/day removed. Note the quasi-periodic modulation o f  tidal 
amplitudes in October 2000, where successive amplitude maxima are 
denoted by the red lines.
3.2.2. M onthly-M ean & Seasonal B ehaviour
We will now consider a simple m onthly-mean climatology o f the 8 -hour tide. The basic 
information that is used to compile this climatology is estimates o f  the amplitude and 
phase o f  oscillations o f  8 -hour period. These quantities are evaluated for each o f the 
zonal and meridional wind components in each o f the height intervals listed in Section
2.2.4.1. To estimate the amplitude and phase o f the 8 -hour oscillation as a function o f 
time the following procedure was used. A linear least-squares fitting algorithm was 
applied to time segments o f  2-day duration, and a superposition o f a mean wind and 48-,
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24-, 12- and 8-hour harmonic components was fitted. The segment was then 
incremented through the zonal and meridional wind time series in steps o f 1 day. This 
process yields daily-spaced values o f the mean wind, the amplitude and phase o f the 
quasi-2-day wave, and the amplitude and phase o f the three harmonic components (24-, 
12- and 8-hour) in each height interval.
The individual two-day means o f the amplitude and phase can be used to calculate 
monthly-means o f these properties for each wind component in each height interval. 
Vector averaging was used, and so the amplitudes will be slightly smaller than those that 
would be calculated from a straight arithmetic mean. Figures 3.5a,b and 3.6a,b present 
the monthly-mean amplitude and phase calculated from all data recorded between 
October 1999 and March 2001.
Figure 3.5a,b reveals a distinct autumnal maximum in tidal amplitudes reaching its peak 
in September and October (2000) and an extended maximum is evident above about 90 
km throughout the summer months o f 2000 (May to September). In both wind 
components at heights below 90 km the amplitude o f the 8-hour tide is generally small, 
below 3 m s'1. Above this height the tide is both more variable and reaches significantly 
larger amplitudes, particularly at the upper heights in September and October. The 8- 
hour tide may display significant inter-annual variability as the Autumnal maximum 
evident in 2000 is not present in October 1999, however the other repeated months 
(December 1999 and January-March 2001) appear to match their counterparts in 2000. 
The extent o f the inter-annual variability however can not be truly assessed without a 
longer dataset.
Considering the zonal component in more detail (Figure 3.5a), it can be seen that the 
amplitudes are everywhere less than 3 m s'1, except for a conspicuous maximum at all 
heights in September/October (2000) and a broad summer maximum above about 90 km 
in May to September (2000). The amplitude o f the autumnal maximum rises to values as 
large as 9 m s'1 at the upper heights in September, followed by a rapid fall to values 
below 1.5 m s'1 in December/January. The September-October maximum in 2000 is 
present at all heights observed, and during it the tidal amplitude appears to increase 
strongly with height from values o f about 3 m s'1 near 81 km to about 9 m s'1 near 97 km. 
A sharp decline in amplitudes follows this maximum, with the tide decreasing to very 
low amplitudes (below 1.5 m s'1) in December 2000.
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Figure 3.5. Time-height contours o f  the monthly mean amplitude o f  the 8- 
hour tide in a) the zonal component, b) the meridional component.
Considering the meridional com ponent (Figure 3.5b), a similar behaviour to the zonal 
com ponent is apparent. However, it is noticeable that during the October (2000) 
m aximum the amplitudes are generally slightly smaller, with the largest amplitudes 
reached being some 7 m s '1, compared to the 9 ms ' 1 o f  the zonal component. It is noted 
that the behaviour o f the tide in October 1999 does not resemble the behaviour o f  the 
tide in October 2000. This hints at inter-annual variability, however the extent o f  this 
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Figures 3.6a,b present the monthly-mean phases for the zonal and meridional 
components o f the 8-hour tide. Note that we define the phase as the local time of 
maximum eastward or northward wind for the zonal and meridional components, 
respectively. A distinct seasonal variation in the phases is visible in both components. 
The phases appear relatively constant at all heights from October to December in 1999 
and throughout most o f summer (July to October) in 2000. Following this summer 
behaviour, in each year the phase hour increases until March-April, after which it returns 
to the relatively constant summer values.
The vertical phase gradients are generally small in the period August to November, 
corresponding to a large vertical wavelength. The largest vertical wavelengths o f all 
occur in September-October. Based on the phase gradients measured across the entire 
height range observed the largest vertical wavelengths have values o f  about 90 km. 
Towards the end o f each year (late December in 1999, November in 2000) the vertical 
phase gradients start to increase, corresponding to significantly shorter vertical 
wavelengths. The shortest vertical wavelengths occur in March-May and have values as 
small as 20 km. Comparison o f the phases reveals that, virtually throughout the entire 
period observed, the phase difference between the zonal and meridional components is 
very close to two hours indicating phase quadrature. Given that the amplitudes are 
roughly similar in each component, this indicates an approximately circularly polarised 
tide.
In order to investigate characteristic vertical wavelengths and amplitudes in more detail, 
data from months representative o f each season were examined. In particular, data from 
January, April, July and September were considered, representing winter, spring, 
summer and autumn, respectively. Three-month seasonal means were not used because 
the phase often changes significantly with time (e.g., December 2000-February 2001), 
and at different rates at different heights, thus making the interpretation o f such means 
rather dubious. Figure 3.7a,b presents the monthly-mean vertical profile o f meridional 
and zonal tidal amplitude. Figure 3.7c,d presents the corresponding phases.
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Figure 3.6. Time-height contours o f  monthly mean phase o f  the 8-hour tide 
in a) the zonal component b) the meridional component.
In all four months, the amplitudes increase with height between 8 1 and 97 km by a 
factor o f  about 2 - 4. In September (autumn) the amplitudes reach some o f  the largest 
values observed, approximately 8  - 9 ms ' 1 at the upper heights, compared to about 2 - 4  
m s ' 1 at the lower heights. In the other months, the amplitudes still increase with height, 
but the differences are smaller. In all four months, the tidal phase decreases with height, 
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Figure 3.7. Height profiles o f  8-hour tidal amplitude and phase over 
Esrange for Winter (January), Spring (April), Summer (July), and Autumn 
(September) months.
Vertical wavelengths calculated by a weighted least-square straight line fit to the vertical 
phase profiles are shown in Table 1. The shortest vertical wavelengths are in winter and 
spring (~ 30-40 km), longer vertical wavelengths appear in sum m er (~ 40-60 km) and 
the longest vertical wavelengths o f all occur in the autumn (~ 60-90 km in September).
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M eridional Vertical 
Wavelength 
(km)
January 39(± 5) 31 (±6)
April 26 (±4) 42 (±4)
July 42 (±4) 62 (±4)
September 61 (±3) 91 (±3)
Table 3.2. Monthly zonal and meridional vertical wavelengths o f  the 8-hour 
tide for the four months shown in Figure 3.7.
3.2.2.I. Comparison with M odels
Only a comparatively limited number o f observational and theoretical studies have been 
made o f the 8-hour tide. This is particularly so at high latitudes. Among the modelling 
studies, Smith and Ortland (2001) examined the 8-hour tide using a three-dimensional 
non-linear model, spanning heights from the tropopause to the lower thermosphere. A 
number o f significant differences between this m odel’s predictions and the meteor radar 
observations presented here are apparent. In particular, the observations over Esrange 
show largest amplitudes in the summer/autumn period, especially at the greater heights 
(above 95 km), and a significantly quieter winter and spring. In contrast, the model o f 
Smith and Ortland (2001) predicts that at a height o f 97 km the 8-hour tide should reach 
maximum amplitudes in winter, with a peak amplitude o f ~ 6 m s'1 in December (at 
70°N). The amplitude is moderate, 2 -3  m s'1, from late autumn to early spring, and very 
low amplitudes (~ 1 m s'1) occur during the rest o f  the year. Hence, the model in most o f 
the meteor region at Arctic latitudes appears to slightly underestimate the amplitude o f 
the tide (by a factor o f  ~ 1.5) and, significantly, does not replicate the secondary 
maximum in late winter.
The model study o f Smith and Ortland (2001) suggested that the main variations in the 
amplitude o f the 8-hour tide may be due to variations in the background wind and
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temperature fields, and consequent changes in Brunt-Vaisala frequency. Such variations 
lead to a low Brunt-Vaisala frequency in the summer mesosphere resulting in an 
evanescent state for the dominant modes o f  the tide. Interestingly, the model requires a 
large set o f Hough modes to describe the structure o f the 8-hour tide, the first three 
modes having wavelengths o f over 100km, which is much greater than the wavelengths 
usually observed in this study.
Akmaev (2001) presented results from a spectral model o f the 8-hour tide in the 
mesosphere and lower thermosphere. At mid-latitudes, the results agree in general form 
with both the modelling and observational studies (e.g. Smith and Ortland, 2001; 
Thayaparan, 1997). The tide in this model exhibits strong seasonal and latitudinal 
variations. Maximum tidal amplitudes o f 15-20 m s'1 are reached in winter at m id­
latitudes, while values as low as 2-3 ms"1 are reached in summer. However, the winter 
amplitudes decline rapidly polewards o f the mid-latitudes and have values below 3 m s'1 
at Arctic latitudes, in agreement with the present study. At Arctic latitudes, this model 
yields largest amplitudes near the autumnal equinox, when values are ~  5 m s'1 at a 
height o f 94 km -  in good agreement with the observations presented here. 
Comparisons with the model phase are less satisfactory and phase differences o f up to 3 
hours are evident. Interestingly, Akm aev’s work explicitly resolves the 8-hour tide into 
two components: that generated by direct solar heating and that generated by a non­
linear interaction between the 12- and 24-hour tides. The results suggest that, at least at 
mid-latitudes, non-linear excitation can account for up to ~ 50% o f the observed 8-hour 
tidal amplitude at heights o f 90 - 100 km. Akmaev also states that in the model study 
non-linear excitation o f the 8-hour tide was strongest in equinox conditions.
Both models show a global asymmetry in tidal structure during solstice conditions, with 
symmetric structure at the equinoxes. Akmaev suggests that this asymmetry is mostly 
due to the strong excitation o f the first two anti-symmetric and the second symmetric 
modes o f  the 8-hour tide at solstice. During winter these three modes are almost in 
phase and so enhance each other. However during the summer these modes tend to 
destructively interfere, thus reducing the large amplitude peak at mid-latitudes. Further 
damping o f  the tidal modes is caused by the summer mesosphere’s low Brunt-Vaisala 
frequency and filtering by the background westward winds. This filtering effect also 
influences the diurnal tide at this time. At equinox it is the second symmetric mode that
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is the strongest thermally-excited component. Non-linear tidal interactions also seem to 
peak in the model at this time. Some evidence for this peak in the non-linear tidal 
interactions will be seen in the results presented here (see Section 3.2.3).
When a tide is decomposed into Hough-modes, as in the two models above, then the 
non-linear effect o f mode coupling can generate further modes. Therefore, it is possible 
for anti-symmetric forcing with heavy damping in one hemisphere to produce both 
symmetric and anti-symmetric modes. This effect is best illustrated by the example 
offered by Akmaev (2001) where the latitudinal structure o f  a ‘half-mode’ is considered. 
If  this ‘half-mode’ coincides with the (3, 4) mode3 in one hemisphere and vanishes in 
the other, then it is readily shown that this ‘half-mode’ projects onto the full (3, 4) mode, 
the (3, 5) mode, and to a lesser extent, the other symmetric modes. This result is similar 
to that o f  a Fourier decomposition o f a square wave. This explains the surprising 
appearance o f a strong second symmetric mode in solstice conditions, when its direct 
thermal excitation is weak, leading to the strong enhancement and decreases o f the 8- 
hour tide in the winter and summer seasons. It is therefore best to describe the 8-hour 
tide as a superposition o f propagating classical Hough modes. The structure o f the 8- 
hour tide at any given height is therefore determined by which particular modes are 
present, i.e. can propagate, to that height. The response o f the Hough modes to varying 
background conditions produces the autumnal peak o f the 8-hour tide at Arctic latitudes, 
in agreement with the observations presented here, and with the model o f Akmaev.
Finally, in comparing the observed tidal amplitudes and phases with the models o f 
Smith and Ortland (2001) and Akmaev (2001), we should note that both models have 
very large gradients o f  amplitude and phase as a function o f latitude. Further, our 
observations suggest that the monthly-mean tidal phases change rapidly with time 
except in the summer periods (e.g. Figure 3.6). This complicates attempts to compare 
the output from these models for a single month or season with observations made from 
a single site, since slight variations in tidal behaviour may result in large changes o f 
amplitude and phase at a given latitude.
3 Using standard tidal notation: A  tidal mode may be written as the (m,n) mode, where, m is zonal wavenumber and n is 
the meridional index. The zonal wavenumber describes the longitudinal structure o f  the tidal oscillation and is defined 
as the number o f  cycles the oscillation displays in the zonal plane. The meridional index describes the latitudinal 
structure o f  the tidal oscillation, and is defined as the zonal wavenumber plus the number o f  nodes the oscillation 
displays in the meridional plane minus the nodes at the poles. Therefore the (3,4) m ode has three cycles in the zonal 
plane and one node (at the equator) in the meridional plane.
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3.2.2.2. Comparison with Observations
Observational studies o f the 8-hour tide have included that o f  Thayaparan (1997) who 
presented results for short-term, monthly, seasonal and annual variability o f the 8-hour 
tide, measured in the M LT-region with an M F radar at London, Canada (43°N, 81°W). 
This study reported large daily variations in amplitude, with peak amplitudes as large as 
20 m s'1. A  correlation between the amplitudes o f the 24-hour and 12-hour tides with the 
8-hour tide was also reported, such that when large 12- and 24-hour tidal amplitudes 
were observed, the 8-hour tide also reached its largest amplitudes. The vertical 
wavelengths seen by Thayaparan are in reasonable agreement with the results presented 
here. In contrast to the Arctic observations presented here however, the mid-latitude 
results o f  Thayaparan indicate maximum amplitudes to occur during the winter and 
spring months. This may simply reflect the 25° difference in latitude between the sites, 
as the model studies by Smith and Ortland (2001) and Akmaev (2001) agree that at m id­
latitudes the 8-hour tide maximises in the winter.
Virdi and Williams (1993) used the EISCAT incoherent scatter UHF radar at Tromso 
(69°N, 19°E) on 26 days between October 1987 to October 1990 to measure the 
amplitude and phase o f the 8-hour tide under summer and autumnal-equinoxAvinter 
conditions at heights between 100-135 km. The Tromso site is very close to the 
location o f the Esrange meteor radar at (68°N, 21°E) and so comparisons between the 
two sites will not be contaminated by latitudinal differences. However, instrument 
biases may still need to be taken into account. The problem o f inter-annual variability is 
partially reduced because the measurements o f Virdi and Williams are spread over four 
years. The amplitude o f the tide, in both summer and equinox conditions was measured 
to be about 5-10 m s'1 at a height o f 100 km. These amplitudes are in good agreement 
with the observations reported here. However, it appears that above 110 km the 
meridional component o f  the 8-hour tide has a larger amplitude than in the zonal 
component, and that larger amplitudes are observed in the summer months. This is 
opposite to the results presented here for lower heights (see Figures 3.5 and 3.8). 
Unfortunately both the model studies (Smith and Ortland 2001, and Akmaev 2001) cut 
o ff at 100 km and so do not consider this effect. Extrapolations o f the tidal phase from
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the meteor radar observations to a height o f  1 0 0  km are generally within one hour o f the 
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Figure 3.8. The a) amplitude and b) phase o f  the 8-hour tide in July as 
measured by meteor radar at Esrange (69°N, 21°E) and EISCAT at Tromso 
(70°N , 19°E). EISCAT data from Virdi and W illiams (1993).
Van Eyken et al. (2000) reported observations made on six days in August 1998 at 
Svalbard (78°N, 16°E) using the EISCAT Svalbard incoherent scatter radar (ESR) to 
m easure winds in the height range 93-120 km. A clear 8 -hour oscillation was evident, 
with amplitudes around 25 ms"1 at the lower heights, rising to some 35 m s"1 at the upper 
heights observed. These amplitudes are significantly larger than the monthly means 
observed over Esrange and reported here. Nevertheless, the amplitudes o f the 12- and 
24-hour tides appear to be comparable in the meteor radar and ESR results, suggesting 
that instrument bias is not a problem. However, we should note that the rapid short-term 
variability evident in Figure 3.4 means that short-lived episodes o f  large am plitude
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regularly occur in the meteor data. Further, the difference may also result from inter­
annual variability and/or latitudinal differences (although the model study o f Smith and 
Ortland (2001) would suggest that 8-hour tidal amplitudes should decrease towards the 
pole). Finally, we should note that because o f  the great day-to-day variability o f the 
amplitude o f the 8-hour tide (Section 3.1), comparisons based on such a small number o f 
days o f observation must remain tentative. This highlights the need for extended data 
sets, when investigating the dynamics o f the M LT region. The phase o f the 8-hour tide 
presented by Van Eyken et al. appears to be ~  3 hours different from both the results 
presented here and those o f Virdi and Williams (1993). The latter study used the 
EISCAT mainland radar, largely eliminating instrument bias issues from the 
ESR/EISCAT comparison. The vertical phase gradients in both the EISCAT and 
Esrange meteor radar observations appear to be similar above 87.5 km, at least for the 
six particular days observed by Van Eyken et al.
Smith (2000) considered observations made using the HRDI instrument onboard the 
UARS satellite to investigate the structure o f the 8-hour tide at a height o f 95 km and at 
latitudes up to ±60° in the interval January 1992 to March 1995. At 60°N, this analysis 
suggests largest tidal amplitudes (some 10-15 m s'1) occur in the period August-January, 
with zonal amplitudes equalling or exceeding meridional ones -  in good qualitative 
agreement with the results presented here from 8° further North. The sometimes rapid 
change o f tidal phase with latitude indicated by the Smith (2000) study, prevents 
detailed comparison o f tidal phases.
3.2.3. Non-Linear Coupling Between The Tides?
One o f the most interesting properties o f the 8-hour tide is that several excitation 
mechanisms are possible (See Section 3.1). In fact, the modelling study o f  Akmaev 
(2001) suggests that the observed 8-hour tide in the M LT region may be generated by 
the simultaneous operation o f at least two source mechanisms: a direct thermal 
excitation and a non-linear coupling between the 12- and 24-hour tides.
Such non-linear coupling is possible, as the atmosphere is a non-linear system and the 
coupling can occur even when the amplitude o f the two interacting (‘prim ary’) waves is 
small. This is because the strength o f the non-linearity depends upon the induced fluid 
velocity in the direction o f wave propagation compared to the phase speed o f  the wave.
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The theory o f non-linear interactions is based on asymptotic power-series expansions o f 
each primary wave-field that produce a sequence o f equations o f increasing order (e.g. 
Teitelbaum and Vial, 1991). The zero-order equations describe zonally-averaged 
parameters, while the first order equations describe linear tides and/or planetary waves. 
The second order equations o f the series represent a family o f waves forced by the 
advective terms in the basic non-linear equations (see appendix A). Two o f  these waves 
have frequencies, horizontal wavenumbers and vertical wavenumbers that are the sum 
and difference o f the interacting primary wave frequencies, horizontal wavenumbers and 
vertical wavenumbers. Observing such ‘sum ’ and ‘difference’ secondary waves is 
considered strong supporting evidence that non-linear interactions have taken place (e.g. 
Teitelbaum and Vial 1991). However, unambiguous detection o f secondary waves can 
be difficult due to their small amplitude and it is possible that spontaneously excited 
independent waves with the frequency and wavenumber characteristic o f  particular 
secondary waves may also be observed.
To overcome this problem, we can invoke the non-linear phenomenon o f  quadratic 
phase coupling. This consequence o f  non-linearity can be simply demonstrated by 
considering a signal, X(t), that consists o f an addition o f  two cosine waves:
X ( t ) = Aj cos(cOjt + ^ )  + A2 cos(a>2t + (j>2) 3.1
where A, co and <|) symbolize, respectively, the amplitude, angular frequency and phase 
o f  the waves. The output o f the non-linear transformation, given in equation 3.2, 
produces the family o f secondary waves discussed earlier (equation 3.3).
X( t )  + s X 2{t) 3.2
X ( t ) i-» Aj c o s (« /  + tfl) + A2 cos(&2t + (j>2)
+ — ^ Aj (1 + cos(2^y,/ + )) + A2 (1 + cos(2£y2/ T 2^2))
+ 2Aj A2 (cos((&>] +a>2 )t + ( ^  + (j)2)) + cos((ft)1 -  co2 )t + ( ^  -  <f>2)))] 3.3
Where 8 is a constant. This system’s output exhibits quadratic phase coupling, that is to 
say, the system produces phase relationships o f the same form as the frequency 
relationships.
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W hen investigating non-linear systems quadratic phase coupling is an important tool, 
however, techniques such as power spectra based on second-order statistical moments 
do not detect phase coherence between waves. Therefore, higher-order spectral 
techniques such as Bispectral analysis have to be used to find such relations (Beard et 
al., 1999; Kamalabadi et al., 1997).
As already seen, if  the 8-hour tide is indeed generated by non-linear coupling between 
the 12- and 24-hour tides, then certain frequency and wavenumber relations must hold. 
In particular, non-linear interactions may generate waves (i.e., in this case tides), 
including some which will have frequencies and wavenumbers that are either the sum or 
difference o f the frequencies and wavenumbers o f the interacting “primary” waves (in 
this case the 12- and 24-hour tides). I f  generated by this non-linear process, the 8-hour 
tide would thus be a sum secondary wave. O f course, by definition any 8-hour tide will 
have a frequency equal to the sum o f the frequencies o f the 12- and 24-hour tides. 
Critically, if  the 8-hour tide actually were a sum secondary wave it would also have to 
have a vertical wavenumber equal to the sum o f the vertical wavenumbers o f  the 12- and 
24-hour tides. Therefore, this relationship offers a test o f  the excitation mechanism o f 
the 8-hour tide since the non-linear excitation mechanism would produce an 8-hour tide 
with a vertical wavelength defined by equation 3.4. Whereas a solar-driven tide can 
have any vertical wavelength.
In terms o f vertical wavelength, this means that the vertical wavelength o f the 8-hour 




Measurements o f the vertical wavelengths o f the 8-, 12- and 24-hour tides can thus 
provide a diagnostic o f the excitation mechanism. In order to see if  this relationship is 
observed, and so supports the idea o f a non-linear excitation o f the 8-hour tide, the data 
were examined to identify intervals where very clear determinations o f tidal 
wavelengths were possible.
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Two such intervals are examined here: 1st- 16th August, 2000, and September 16th - 
October 1st, 2000. The vertical profiles o f  meridional amplitude and phase for these two 
intervals are presented in Figures 3.9a,b and 3.10a,b, respectively. The amplitude o f 
each tide can be seen to increase with height and, as expected, the wind field is 
dom inated by the 12-hour tide. The vertical wavelengths measured for the 8 -, 12-, and 
24-hour tides during the 1-16 August interval are 41 ±  12 km, 70 ± 6  km, and 114 ± 24 
km respectively. The vertical wavelengths measured during the 16 Septem ber-1 October 
period are 62 ±  6  km, 89 ± 12 km, and 177 ±  36 km, for the 8 -, 12-, and 24-hour tides 
respectively.
Considering the interval 1st-16th August, 2000, (Figure 3.9) the vertical wavelength o f a 
sum secondary wave arising from interaction between primary waves o f vertical 
wavelength 70 ± 6  km and 114 ± 24 km will to be 43 ± 6  km. This is very close to the 
observed value o f 41 ± 12 km. For the interval September 16th-October 1st, 2000, the 
sum secondary wave would have a vertical wavelength o f 59 ±  6  km. This value is very 
close to the observed value o f 62 ± 6  km. These observations suggest that, at least at in 
the intervals considered above, a non-linear excitation mechanism for the 8 -hour tide is 
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Figure 3.9. The meridional wind component during August 1-16, 2000 a) 
Height profiles o f  the amplitude o f  the 8-, 12-, and 24-hour tides, b) 
Vertical phase profiles o f  the 8-, 12-, and 24-hour tides.
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Figure 3.10. The meridional wind component during September 16th-  
October 1st, 2000. a) Height profiles o f  the amplitude o f  the 8-, 12, and 24- 
hour tides, b) Vertical phase profiles o f  the 8-, 12, and 24-hour tides.
However, we should note that at other times, these vertical wavelength relationships do 
not appear to be present. Further, a bispectral analysis o f  the data (not shown) indicates a 
lack o f  the quadratic phase coupling which might be expected to occur as a result o f  a 
non-linear excitation (a description o f the uses o f  bispectral analysis and quadratic phase 
coupling can be found in Clark and Bergin, 1997 and Beard et al., 1999). This would 
appear to indicate that at other times the excitation o f the 8 -hour tide is by mechanisms 
other than a non-linear coupling between the 12- and 24-hour tides, or at least that non­
linear excitation is not the sole driver o f the tide.
Tides Vertical W avelength (km) 
1-16 August
Vertical W avelength (km) 
16 Sept.-l Oct.
24-Hour 114 ± 2 4 176 ± 3 6
12-Hour 70 ± 6 89 ± 12
Predicted 43 ± 6 59 ± 6
Observed 41 ± 12 62 ± 6
Table 3.3. Vertical wavelength observations and predictions for the 8-, 12- 
and 24- hour tides
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The vertical wavelength o f  a wave is a measure o f the vertical gradient o f  phase. This 
is therefore a measure o f how easily the wave is propagating through the atmosphere. A 
very long (infinite) vertical wavelength indicates a wave that is evanescent, i.e. The 
wave is not propagating vertically. Therefore, in the case o f the 24-hour tide, the long 
vertical wavelengths in table 3.3 indicate that the 24-hour tide is in a “near evanescent” 
state.
An analysis o f  the complete 18-month data set is presented in Figures 3.11 and 3.12. 
These Figures present monthly-mean vertical wavelengths calculated for the 24-, 12- 
and 8 -hour tides. Also displayed are the predicted wavelengths o f  the 8 -hour tide if  it 
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Figure 3.11. Predicted and observed vertical wavelengths o f  the 8- hour tide 
in the a.) zonal component using monthly-mean values o f  tidal phase. The 
dashed line denotes the predicted vertical wavelength o f  the 8-hour tide i f  it 
was generated by a non-linear interaction between the 24- and 12-hour tides. 
The vertical wavelengths for the 12- and 24-hour tides used to predict the 
vertical wavelength o f  the 8-hour tide are taken from the monthly-mean 
observations over Esrange.
Considering the distribution o f vertical wavelengths for both zonal and meridional 
components in Figures 3.11 and 3.12, it is possible to see that, at least on a monthly 
time-scale the observed and predicted vertical wavelengths agree quite well. In some 6  
out o f 18 months considered, the vertical wavelengths agree to within the limits o f
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uncertainty. This implies that there are several episodes in the data set where a non­
linear excitation mechanism is not inconsistent with the observations. Care must be 
taken when interpreting Figures 3.11 and 3.12 as monthly-mean values are used in the 
analysis and as seen above non-linear generation o f the 8 -hour tide may exist for periods 
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Figure 3.12. Predicted and observed vertical wavelengths o f  the 8- hour tide 
in the meridional component using monthly-mean values o f  tidal phase.
The dashed line denotes the predicted vertical wavelength o f  the 8-hour tide 
i f  it was generated by a non-linear interaction between the 24- and 12-hour 
tides. The vertical wavelengths for the 12- and 24-hour tides used to predict 
the vertical wavelength o f  the 8-hour tide are taken from the monthly-mean 
observations over Esrange.
In the model study o f  Akmeav (2001) the non-linearly excited com ponent o f  the 8 -hour 
tide was found to maximise in equinox conditions. It is interesting to note that in the 
zonal component (Figure 3.11) the predicted and the observed vertical wavelengths o f 
the tide ‘m atch’ in Novem ber 1999, January 2000, February 2000, March 2000, October 
2000 and March 2002. This suggests that non-linear excitation may indeed be important 
in equinox conditions. However, the meridional com ponent (Figure 3.12) does not 
show a similar behaviour.
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In this Chapter in has been shown that the 8-hour tide reaches significant amplitudes in 
the Arctic M LT region. Maximum amplitudes (~6 m s'1) are reached in 
September/October. Vertical wavelengths vary between 20-90 km and in some cases 
the vertical wavelength o f the tide is not inconsistent with the interpretation o f a non­
linear excitation mechanism.
3.3. Conclusions
The 8-hour tide has been observed in the Arctic M LT region over Esrange (68°N, 21°E) 
by a meteor radar. The tide appears to be a permanent feature o f  the Arctic M LT region. 
The largest amplitudes are observed in late summer and autumn (7-10 m s'1). This 
seasonal behaviour is different to that observed at mid-latitudes (Thayaparan et al, 1997; 
Smith 2001). In particular the largest monthly-mean amplitudes in the Arctic are 
observed in late summer-autumn, whereas at midlatitudes the largest amplitudes occur 
in winter. Considerable day-to-day variations in amplitude are apparent in all seasons. 
Some variability appears to be quasi-periodic and may be a consequence o f 
tidal/planetary wave coupling. The tidal amplitudes observed in the Arctic are in 
general agreement with the model o f Akmaev (2001). However the observed tidal 
phases agree less well with this model.
The observed vertical wavelengths are shortest in spring, at about 25-35 km. In summer 
and autumn longer vertical wavelengths o f some 50-90 km are observed. At some o f  the 
times when the 8-hour tide has large amplitude, a relationship exists between the 
measured vertical wavelengths o f the 8-, 12- and 24-hour tides that is in agreement with 
that predicted if  the 8-hour tide were excited by a non-linear interaction between the 12- 
and 24-hour tides. This suggests that the 8-hour tide is excited, at least in part, by 
coupling between the 12- and 24-hour tides. At other times the non-linear excitation o f 
the tide could be small when compared to the strength o f the thermal excitation o f the 
tide or even non-existent.
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Chapter 4 
Mean Winds and Tides in the Equatorial 
Mesosphere and Lower Thermosphere
4.1. Introduction
The equatorial MLT region remains one o f the least explored parts o f the atmosphere. 
Ground-based radar observations o f this part o f  the atmosphere have only been made 
from a comparatively small number o f sites. For instance, in the TIMED CEDAR 
database only five radars operate within 10° o f the equator.
In the last five years only five radars have been active in studies o f the equatorial MLT 
region (±10° latitude). Most o f these radars are in the Pacific sector and limited 
observations have been made in South America. There is therefore a longitudinal sector 
o f some 200° o f the equatorial M LT region in which regular, high-quality observations 
are not made. Studies o f the mean winds and tides in this area have mainly relied upon
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MF and meteor radars. A SkiYmet meteor radar system was installed by the University 
o f Bath on Ascension Island (8°S 14°W) to study the equatorial M LT region, and began 
operating in October 2001.
This Chapter presents results from the first year o f operation o f the Ascension Island 
Skiymet meteor radar. Further details o f  the radar have been provided in Chapter 2. 
This Chapter presents observations o f the seasonal behaviour o f the monthly-mean 
winds and the 8-, 12- and 24-hour tides in the equatorial M LT region made by this 
meteor radar in the interval October 2001-October 2002. Section 4.2.1 presents an 
analysis o f the monthly-mean winds in the height range 80-100 km, measured with an 
effective height resolution o f approximately 3 km. These monthly-mean winds are 
compared to the HWM-93 and CIRA-86 models in Section 4.2.2. A climatology o f the 
equatorial 12- and 24-hour tides are presented in Sections 4.3.1 -  4.3.2. In Section 4.4 
the monthly-mean amplitude and phase o f the 12- and 24-hour tides will be compared to 
the GSWM-2002 model and other observations made elsewhere.
4.2. Mean Winds Over Ascension Island
4.2.1. Basic Characteristics o f the M ean W inds
The monthly-mean meridional winds measured from October 2001 to October 2002 are 
presented in Figure 4.1a. The corresponding zonal winds for the same period are shown 
in Figure 4.1b. The heavy dashed line in each Figure denotes the zero-wind line and 
contours are spaced 5 m s'1 apart. The monthly-mean winds were calculated by fitting a 
mean component to the data from every month observed. A seasonal flow reversal in 
the meridional winds is clearly evident. The most conspicuous features in the observed 
zonal mean winds are the strong vertical wind shears evident in the period February to 
August (2002) and the presence o f  a strong semi-annual oscillation.
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Figure 4.1. Monthly-mean winds measured over Ascension Island for the 
interval October 2001-October 2002 in a) the meridional component and b) 
the zonal component.
We will now consider the behaviour o f  each component in more detail. Considering 
firstly the meridional mean winds. The meridional mean winds over Ascension Island 
appear to follow a clear annual cycle with southward winds at all heights in the period 
M arch-A ugust, 2002 (Southern Hemisphere autumn and winter) and northward winds 
in Novem ber, 2001 -February , 2002, (Southern Hemisphere summer). M aximum 
northward flow is observed in December, 2001, (Southern Hemisphere summer) with 
speeds o f  -1 5  m s 1. M aximum southward flow is observed in July, 2002, with wind 
speeds o f  -  20 m s'1. This wind structure is characteristic o f  the global Dobson-Brewer 
circulation (see Section 1.2.3). This observed circulation is consistent with the gravity- 
wave driven planetary-scale mesospheric flow responsible for the warm winter 
mesopause (see Section 1.2.3).
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An interesting aspect o f the seasonal behaviour o f the meridional wind over Ascension 
Island is that the mean wind behaves rather like winds observed over a Northern 
Hemisphere site. For example, Figure 4.2 compares the monthly mean meridional 
winds over Esrange (68°N, 21°W) and Ascension Island (8°S, 14°W) in the interval 
October 2001 -  October 2002. Considering the winds over Esrange, we observe a stable 
southward summertime flow (June-July, 2002) at heights between 80-90 km. This is 
just below where we anticipate the Arctic summertime mesopause to be, and has been 
observed in every summer since 2000. In the wintertime (November 2001-February 
2002) sporadic northward flows are observed (interestingly more ordered northward 
flows were observed in 2000, 2002 and 2003). The sporadic flow observed in winter 
2001 may be due to stationary planetary-wave activity over Esrange. Comparing these 
observations to the Ascension Island winds (Figure 4.2b), the June-July flow is also 
observed over Ascension Island at heights between 85-100 km and a much more ordered 
northward flow is observed in November 2001-M arch 2002 (similar in amplitude and 
duration to those observed over Esrange in 2000, 2002 and 2003).
The similar seasonal behaviour (including the southward flow in June-July) over both 
sites is interesting. In Northern Hemisphere summer a well-defined southward flow is 
observed at least from Esrange-Ascension Island, this is interesting as both sites have 
comparable longitudes. In Northern Hemisphere winter a similar flow is not observed. 
At high latitudes (i.e. Esrange), the presence o f stationary planetary waves can explain 
the absence o f  a well-defined wintertime flow. Therefore, the strong southward 
summertime flow and the weaker northward wintertime flow may be a particular feature 
o f the Dobson-Brewer circulation over Esrange and Ascension Island in the interval 
October 2001-October 2002.
If  we assume that the Dobson-Brewer circulation in June-July, 2002, is a continuous, 
homogenous, isotropic flow from the North Pole to the South Pole (i.e. the mass flux 
crossing each circle o f latitude is constant and the flow has no zonal structure), the wind 
speeds in the flow observed over Ascension Island should be smaller than the flow 
observed over Esrange. This decrease in the wind speed is partially caused by the 
divergence o f  the mass flux as the flow heads equatorward (i.e. the circle o f latitude at 
8°S is ~3 times longer than the circle o f latitude at 68°N). However, this decrease in
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wind speed is not observed over Ascension Island. This leads us to the conclusion that 
that the pole-to-pole flow cannot be isotropic, i.e. the flow must have zonal structure.


















Figure 4.2. Monthly-mean meridional winds in the interval October 2001 - 
October 2002 measured over a) Esrange and b) Ascension Island.
Considering the zonal mean winds, the presence o f the M esospheric Semi Annual 
Oscillation (M SAO) at all heights throughout the observed period is very evident in the 
observed zonal mean winds (Figure 4.1 b).
In February-April, 2002, (Southern Hemisphere autumn) the zonal mean wind velocity 
changes from less than -65m s'1 at 80 km to over -2 0 m s '1 at 100 km. This implies an 
average wind shear o f ~2.3 m s '1km '1 over the entire height range observed. This wind 
shear reaches a local maximum o f ~5 m s'1 k m '1 in March at a height o f  ~85 km. The
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wind shear in Southern Hemisphere spring (October-November, 2001 and Septem ber- 
October, 2002) is not as great as in the autumnal months only reaching values o f about 
1.4 ms"1 km’1 when measured across the entire height range. However, local maximum 
shear values o f about 3 ms"1!™"1 are observed near the zero wind line. Similar strong 
wind shears have been observed at Arctic latitudes (Mitchell et al., 2002). In the Arctic 
such shears appear to be caused by the reversal o f the summer flow from the westward 
mesospheric summertime je t to an overlying eastward lower thermospheric je t (see 
Figure 1.5). However, over Ascension Island, the shears appear to have a different 
origin and are associated with a strong semi-annual oscillation.
Generally, the zonal wind over Ascension Island is westward (negative) with weaker 
eastward flows at heights below 90 km in December, 2001 and June-August, 2002; 
these eastward flows are typically less than 20 m s'1. The westward flows are strongest 
in March, 2002 with wind speeds reaching about 70 ms"1, dropping to about 25m s'1 at 97 
km. This structure is characteristic o f the MSAO.
The M esospheric Semi-Annual Oscillation (MSAO) is one o f the most conspicuous 
features o f the zonal wind in the equatorial M LT region. It is the cause o f the reversal o f 
winds from eastward to westward and back again that happens twice a year, in the upper 
mesosphere (70-90 km) within 30° o f the equator (Burrage et al., 1996). The amplitude 
o f this oscillation maximises on the equator at heights ~80 km. The phase o f  the MSAO 
is approximately 180° out o f phase with the stratopause semi-annual oscillation (Hirota, 
1978), therefore peak westward winds are observed in the equinoxes and maximum 
eastward winds during the solstices (Hirota, 1978; Palo and Avery, 1993; Burrage et al., 
1996). Typically, the maximum eastward winds associated with the M SAO are a factor 
o f 2 or more weaker than the peak westward winds.
This semi-annual reversal o f the zonal mean winds is so large that it can be clearly seen 
in the monthly mean winds presented in Figure 4.1. To highlight the dominance o f this 
oscillation Figure 4.3a shows the zonal winds measured over Ascension Island in the 
height range 78-83 km in the interval October 2001 -  September 2003. Immediately 
apparent in this figure is a strong six month oscillation (highlighted in red); maximum 
eastward winds are observed during the solstices and peak westward winds are observed 
in the equinoxes. Data from the other height intervals measured by the Ascension Island
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radar (not shown) reveal that the amplitude o f this oscillation decreases with height. 
These features are characteristic o f  the MSAO.
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Figure 4.3. a) Hourly mean zonal winds (78-83 km height range) 
observed over A scension Island in the interval October 2 0 0 1 -  
September 2003 (black line). N ote the clear M esospheric Sem i- 
Annual O scillation (M SA O ) (red line), b) M onthly mean zonal 
winds (78-83 km height range) observed over A scension Island in 
the interval October 2001-O ctob er 2002 (black line), also shown the 
fitted M SA O  + partial M QBO  signal (red line).
A QBO is also present at these heights (Burrage et al., 1996) therefore, before the 
amplitude and phase o f  the MSAO were calculated the QBO signal was removed from 
the data. The phase o f the QBO signal was determined from the phase o f  the 
stratospheric QBO measured over Singapore (30-mb zonal winds from Climate 
Prediction Centre - NOAA). A partial sine curve with a period o f  24 months and 
arbitrary amplitude was fitted to the hourly wind data. This QBO signal was then 
subtracted from the observed hourly mean winds. The amplitude and phase o f  the 
M SAO in the interval October 2001 -  October 2002 were calculated by fitting a sine 
curve with a period o f six months and arbitrary am plitude and phase to the de-trended 
hourly zonal winds. Figure 4.3b shows the monthly mean zonal winds in the interval 
O ctober 2001 -  October 2002, and the fitted M SAO + partial QBO signal for the height
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range 78-83 km. Figure 4.4 shows height profiles o f the amplitude and phase o f  the 
MSAO measured in the period October 2001 -  October 2002.
Figure 4.4 shows that the amplitude o f the M SAO decreases with increasing height, 
from values o f  about 40 m s'1 at 81 km to less than 10 m s'1 at 97 km. This is in 
reasonable agreement with the HRDI observations o f the MSAO in the period 
November 1991-M arch 1995, o f Burrage et a l  (1996) and the early rocket 
measurements o f Hirota (1978), where amplitudes o f 30-35 m s'1 were observed at 
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Figure 4.4. H eight profiles o f  the amplitude and phase o f  the M esospheric 
Semi-Annual O scillation (M SA O ) observed over A scension Island -  
October 2001-O ctober 2002.
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At heights below 90 km the phase o f the M SAO decreases with increasing height 
implying upward energy propagation. The MSAO becomes almost evanescent above 90 
km, the phase only varying slightly with height. This behaviour is in reasonable 
agreement with the HRDI observations (Burrage et al., 1996) and the early rocket 
measurements o f Hirota (1978). The observed phase o f the MSAO is very similar to the 
measurements o f  Hirota, and is only about 4 weeks behind the HRDI observations -  a 
phase difference o f only ~28 degrees. This suggests the M SAO repeats its general 
structure in a regular year-to-year pattern.
4.2.2. A Comparison o f the Mean W inds Over Ascension Island with the H W M - 
93 and CIRA-86 M odels
This Section will present a simple comparison o f the observations o f the mean wind 
over Ascension Island with the predictions o f the Horizontal Wind Model (HW M-93) 
and the COSPAR International Reference Atmosphere (CIRA-86).
The HWM-93 is an empirical model o f the horizontal winds, in both zonal and 
meridional components, in the lower, middle and upper atmosphere (Hedin et al., 1988; 
Hedin et al., 1991). The data assimilated by the model came from a variety o f ground- 
and satellite-based instrumentation, including both optical and radar measurements, to 
provide statistical estimates o f the horizontal winds. The model uses Fourier and vector 
spherical harmonic interpolation and extrapolation to describe the time-varying mean 
and tidal components o f the atmosphere.
The CIRA-86 model is an empirical model o f monthly-mean temperature, pressure and 
zonal winds from 80°S-80°N (Rees et al., 1990). The model was generated using 
several global datasets including ground-based and satellite measurements. In general, 
hydrostatic and thermal wind balance is maintained at all levels. At heights greater than 
100 km CIRA-86 was merged with the MSIS model.
Figure 4.5 a,b presents the meridional and zonal mean winds predicted by the HW M-93 
model. Immediately apparent in the figure are the similarities between the general 
pattern o f  the model data and the mean winds observed over Ascension Island.
The strength o f the meridional mean wind o f the HWM-93 model is less than the 
observed values by a factor o f approximately two. However, limited aspects o f  the
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general structure o f the observed mean winds is reproduced by the model, i.e. northward 
winds in October-March and southward winds in April-September. The primary 
differences between the observed meridional mean winds and the HWM-93 meridional 
winds are that the southward je t observed over Ascension Island in June-July, 2002, is 
not reproduced in the model and the asymmetry o f the seasonally-reversing north-south 
flows observed over Ascension Island in the interval October 2001 -  October 2002 are 
also not reproduced.
We will now consider the zonal component. The modelled mean winds are generally 
westward, but with a weak eastward flow at all heights in December and an eastward je t 
occurring below 90-95 km in April-August. This structure is in general agreement with 
the zonal mean winds observed over Ascension Island. However, the westward flows 
observed over Ascension Island are stronger by a factor o f  up to ~4 than those predicted 
by the HWM-93 model. This could represent the effect o f  the Mesospheric Quasi 
Biennial Oscillation (MQBO) (Kane et al., 1999), since this oscillation is not included in 
the HWM-93 model. Results from the HRDI (Burrage et a l , 1996) instrument have 
shown that the westward phase o f the MSAO is strongest when the MQBO is westward.
The mesospheric Quasi-Biennial Oscillation (MQBO) is a zonal wind oscillation with a 
period between 20-30 months. A feature o f the MQBO is that it is 180° out o f phase 
with its stratospheric counterpart (Burrage et a l , 1996), therefore observation o f the 
phase o f the stratospheric QBO, allows the calculation o f  the phase o f  the MQBO. 
Stratospheric analyses reveal that peak eastward flows o f  the stratospheric QBO 
appeared in early 1993, early 1995, mid-1997, mid/late-1999 and mid 2002 (30-mb 
zonal winds from Climate Prediction Centre - NOAA). This suggests that peak 
westward flows o f the MQBO should be seen in early 1993, early 1995, mid-1997, 
mid/late-1999 and early 2002. Maximum westward flows o f the MQBO were observed 
in March 1993 and M arch 1995 by the HRDI instrument (Burrage et a l , 1996), this 
compares well to the intervals expected. A peak westward flow o f  the MQBO would 
therefore be expected to appear in early 2002. This compares well to the enhanced 
westward flow observed over Ascension Island in March 2002.
The seasonal behaviour o f the mean winds predicted by the HWM-93 model is similar 
to that observed over Ascension Island. The signature o f the Mesospheric Semi-Annual 
Oscillation (MSAO) seen in the Ascension Island data is recreated very well in the
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model data, as is the strong wind shear in the winter months (June-August, 2002). 
However, enhancem ent o f the westward phase o f  the MSAO by the M QBO observed 
over Ascension Island is not reproduced in the HW M-93 model.
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Figure 4.5. Amplitude o f  the monthly mean winds between 80 -1 0 0  km 
over Ascension Island (8°S, 14°W) generated by the HWM-93 model in the 
a) meridional component and b) zonal component.
Figure 4.6 present contours o f  the zonal mean winds predicted by the CIRA - 8 6  model 
for a latitude o f  10°S (corresponding to Ascension Island), over the 80-100 km height 
range observed by the Ascension Island radar.
Comparing Figure 4.6 to Figure 4.1b reveals significant differences between the CIRA- 
8 6  model and the observations made at Ascension Island. The most conspicuous 
difference is that the CIRA - 8 6  model predicts a predominately eastward flow - when in 
fact a predominately westward flow is observed. Further, the M SAO clearly observed
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in the Ascension Island results and the HWM-93 model is not present in CIR A -8 6 . In 
summary, the CIRA - 8 6  model provides a poor representation o f the equatorial mean 
winds.
ZONAL MEAN WIND - CIRA-86 - 10 SOUTH
100
MONTH
Figure 4.6. The monthly mean winds between 80 -1 0 0  km at 10°S, the 
closest latitude to Ascension Island in the CIRA-86 model.
4.2.3. C om parison of the Observed M ean W inds O ver Ascension Island with 
O ther E quatorial O bservations
Burrage et al. (1996) investigated the long-term variability o f the zonal mean wind at the 
equator, using the HRDI instrument onboard the UARS satellite. This study used a 
three-year data set.
The HRDI observations o f  zonal winds in the equatorial M LT region revealed a 
predominantly westward flow, with two m ore limited episodes o f  eastward flow 
occurring each year at heights between 70-90 km. The westward wind in the 70-90 km 
height range maximised in the equinoxes, while the eastward winds in this height range 
were a factor o f two weaker and maximised near the solstices. This switching was 
attributed to the MSAO. The westward phase o f the zonal wind in M arch 1993 and 
M arch 1995 reached speeds in excess o f  70 m s '1, while during the other equinoxes 
weaker speeds o f  20-30 ms ' 1 were recorded. Burrage et al. (1996) attribute these 
enhanced westward flows to an underlying mesospheric Quasi-Biennial oscillation.
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One o f the primary results o f the study by Burrage et al. was the characterisation o f the 
strong Mesospheric Semi-Annual Oscillation (MSAO). The amplitude o f which 
maximises at a height around 82 km, with values o f -  35 m s '1, in excellent agreement 
with the results detailed in Section 4.2.1 where the Ascension Island radar observations 
suggested an amplitude o f -4 2  m s'1 at similar heights. Below 90 km the phase o f the 
M SAO decreases with height, indicating upward energy propagation, also in agreement 
with the meteor-radar results presented in Section 4.2.1.
The study o f Burrage et al. also investigated the meridional winds o f  the equatorial 
atmosphere. In general, wind-speeds o f between ±15m s'1 were observed in the 
mesosphere and in the height range 90-105 km a prominent annual variation was 
observed, in which the meridional flow was predominantly southward with interruptions 
o f northward winds occurring around the Southern winter solstice (July). This is in 
general agreement with the results presented in Section 4.3.1.
In June 1984 and June 1987, a meteor radar was used to observed the mean and tidal 
winds over Trivandrum (8.5°N, 77°E) in India, in solstice conditions (Reddi, Rajeev and 
Geetha, 1993).
In the case o f the observed zonal mean wind these authors reported that, the winds form 
a westward flow o f  -1 0  m s'1 at heights below 90 km. Above 90 km, in June 1984, an 
eastward flow o f  -5  m s'1 was observed, which changed to a westward flow above 93 
km. In June 1987, above 90 km, an eastward flow increasing with height was observed. 
These differences indicate the presence o f considerable interannual variability within the 
mean flow. The Trivandrum data agree only in part with the results presented in Section
4.2.1. In particular, the westward flows observed over Trivandrum below 90 km are not 
observed in the Ascension Island data.
The meridional winds observed in the study o f Reddi, Rajeev and Geetha, in 
June 1984/87 have maximum southward speeds (-15-20 m s'1) at around 85 km. This 
flow reduced and reversed to northward flow at greater heights. This structure maybe 
the top o f a southward summertime je t similar to the one observed over Ascension 
Island and Esrange (see Section 4.2.1).
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Reddi, Rajeev and Geetha also observed the mean and tidal winds over Trivandrum 
(8.5°N, 77°E) in winter conditions (November 1986-January 1987). Their observations 
o f the zonal component, at heights below 90 km revealed an eastward flow in 
November, changing to a westward flow in December then changing back to an 
eastward flow in January. The wintertime flows over Trivandrum become more 
westward with increasing height in all months. Over Ascension Island in November 
2001 -  January 2002, westward winds are observed at heights above 90 km, below this 
height the winds are switching from the westward to the eastward phase o f the MSAO. 
Hence the observation by Reddi, Rajeev and Geetha that the wintertime zonal flow 
becomes more westward with increasing height is in agreement with the results 
presented here. We should note that the Trivandrum data is only averaged over a total 
o f  30 days in winter (10 days each month). Over such short timescales planetary wave 
contamination can produce measurements to be very different from monthly averages.
Considering the meridional winds, in November and December northward winds were 
observed over Trivandrum. In January between 80-87 km a sharp southward flow, with 
a maximum speed o f 20 m s '1 was observed, above this height an increasingly Northern 
flow was observed. The trend o f the meridional winds measured over Trivandrum, 
above 85 km, exhibit a more northward flow with height, in agreement with the 
observations over Ascension Island in November 2001 -  November 2002. The structure 
o f the winds over Trivandrum in January 1987 is very similar to the je t observed over 
Esrange and Ascension Island in June-July 2002. The fact that such a je t is not observed 
in the meridional winds over Ascension Island in January 2002 may be due to 
interannual variability.
In November 2001 -  January 2002 a northward flow is observed over Ascension Island, 
consistent with the Dobson-Brewer circulation. The Trivandrum data also shows a 
predominantly northward flow in these months. The speed o f  this flow, in November 
and January, appears to be a factor o f two greater than that measured over Ascension 
Island although direct comparisons are limited because o f the different years o f 
observation. Also the strong wind shear, in January, between 85-90 km in the 
Trivandrum data is not evident in the Ascension Island data. However, this could be due 
to the short observation periods o f the Trivandrum data (average 10 days per month), 
interannual variability, or the meridional mean flow having longitudinal structure.
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4.3. Tides Observed over Ascension Island
In this Section a simple monthly-mean climatology o f  the 12- and 24-hour tides will be 
presented. A similar analysis to the one used to investigate the climatological behaviour 
o f the 8-hour Arctic tide in Chapter 3 will be applied here to study the amplitude, phase 
and vertical wavelengths o f the 12- and 24-hour tides.
4.3.1. The 12-Hour Tide
The migrating 12-hour tide is a wave o f zonal wavenumber two, following the apparent 
westward motion o f  the sun around the Earth. The tide maximises in the wintertime 
mid-latitudes. The GSWM 2002 model shows that at low latitudes non-migrating tidal 
components contribute significantly to the 12-hour tide. The amplitude o f the 
meridional and zonal components o f the 12-hour tide in the interval October 2001 to 
October 2002 are presented in Figures 4.7a,b.
Considering the meridional component, the amplitude o f the 12-hour can be seen to 
generally increase with height. At heights above 90 km the 12-hour tide maximises in 
February-August, 2002, (autumn/winter), with amplitudes reaching over 24 m s'1 at 
heights o f  97 km. A period o f  high amplitude is observed in October 2001, but this 
amplitude maximum is not observed in October 2002, indicating a degree o f inter­
annual variability. The period November 2001 -  January 2002 displays a distinct 
minimum, where amplitudes fall to values less than 12ms"1 over the entire height range 
observed. Interestingly, in March-April, 2002, a ‘tongue’ o f larger amplitude descends 
to lower heights. This behaviour is also observed at high-latitude Northern sites 
(Mitchell et a l , 2002).
















Figure 4.7. Monthly mean amplitude o f  the 12-hour tide in a) the 
meridional component and b) the zonal component.
In the zonal component, the amplitude o f the 12-hour tide is everywhere below 9 m s'1, 
except in the months o f January-A pril 2002, where a distinct maximum occurs. 
Amplitudes in this period increase with height from 9m s’ 1 at a height o f 80 km to over 
27 m s ' 1 at 100 km. An amplitude maximum in M arch-April, 2002, similar to the 
m axim a observed in the meridional flow is also present.
Figures 4.8a,b show the corresponding phases o f the meridional and zonal components 
o f the 12-hour tide. A pattern is evident in which the meridional tidal phase and its 
vertical gradient are relatively constant. However, an increase in vertical phase gradient 
results from an increase in phase at heights below 85 km in September-November, 2002.
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The zonal and meridional tidal phases always decrease with increasing height implying 
that the tide is propagating upward.
Considering the zonal phase o f the 12-hour tide a different seasonal pattern is apparent, 
relatively constant values o f phase are observed in the period between January-April, 
2002 (mid summer-mid autumn). In May, 2002, below a height o f 90 km the phase o f 
the tide increases to values over 15 hours (UT), while above 90 km the phase o f the tide 
decreases to under 6 hours (UT). This results in very steep vertical phase gradients 
between June-August, 2002 (winter-early spring). In November and December, 2001, 
the tide appears to be nearly evanescent.
The vertical wavelengths o f the tides can be derived from the vertical phase gradients. 
The vertical wavelength o f the 12-hour tide in the meridional component changes 
throughout the year. The shortest vertical wavelength is in October 2002, when a value 
o f 23 km is reached. The longest wavelength, o f over 300 km, is reached in July. 
Throughout the rest o f the year the vertical wavelengths are typically between 40-60 
km.
The vertical wavelength o f the 12-hour tide between January-April, 2002, and October 
2001, is between 40-60 km, similar to that observed in the meridional component. The 
large phase gradients in the period between M arch-October 2002, produce small vertical 
wavelengths o f about 15 -  20 km.
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Figure 4.8. Monthly mean phase o f  the 12-hour tide over Ascension Island 
in the interval October 2001-October 2002 in a) the meridional component 
and b) the zonal component.
The 12-hour tide is a significant feature o f the equatorial M LT region. M aximum 
amplitudes (greater than 20 m s'1) are observed in February-April, 2002, at heights over 
95 km. A tongue o f higher amplitude (-1 2  m s '1) is observed at lower heights in M arch- 
April, 2002. The phase o f the tide always decreases with height indicating upward 
energy propagation. Typically vertical wavelengths o f -40 -60  km are observed.
4.3.2. The 24-H our Tide
At the equator, the 24-hour tide is one o f the most conspicuous features o f  the M LT 
region. Like the 12-hour tide, the 24-hour tide follows the apparent westward motion o f
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the sun around the Earth. Figures 4.9a,b present contours o f  the m onthly-mean 
amplitudes for the 24-hour tide for the meridional and zonal components.
a ) AMPLITUDE OF MERIDIONAL 24-HOUR TIDE
2001 2002
Figure 4.9. Monthly mean amplitude o f  the 24-hour tide over Ascension  
Island in the interval October 2001-October 2002 in a) the meridional 
component and b) the zonal component.
Considering the meridional component first, it can be seen that generally the amplitude 
o f  the tide in the meridional component is greater than am plitude observed in the zonal 
component. The meridional amplitude o f the tide increases with increasing height, 
reaching maximum values at a height o f  -9 5  km. M aximum amplitudes are observed in 
October 2001, January-M ay, August and to a lesser extent October 2002. In all o f  these 
cases amplitudes over 35 ms' 1 are observed above 90 km. In November-Decem ber, 
2001, and June-July, 2002, amplitudes are less than 25 m s ' 1 at all observed heights.
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In the zonal component, the amplitude o f the 24-hour tide generally increases with 
increasing height and has a simple behaviour. In January-M arch, 2002, amplitudes o f 
over 30 ms"1 are recorded at all heights observed, peaking at over 35ms"1 in February at 
a height o f 90km. In November-December, 2001, and April, 2002, tidal amplitudes are 
at a minimum with amplitudes less than 20ms"1 at all heights observed.
Now  we will consider the seasonal behaviour o f  the phase o f the 24-hour tide over 
Ascension Island. Figure 4.10a,b shows the monthly-mean phase behaviour o f  the 
meridional and zonal components o f the 24-hour tide. The contours are spaced 2 hours 
apart, the heavy dashed line denotes the value o f 24 hours (UT).
The phase in the meridional component is very stable with time in the period October 
2001-O ctober 2002 and decreases with increasing height from values o f about 26 hours 
(UT) at heights o f 80 km to approximately 10 hours (UT) at 100 km. Slight fluctuations 
in phase are observed in December, 2001, and June-July, 2002.
The phase o f  the zonal component has a more complicated behaviour than the 
meridional. A clear seasonal pattern can be seen in which tidal phase is relatively 
constant in the period October-November, 2001 (12-14 UT at 90 km). Following this, a 
decrease in phase is observed in December-January (10-12 UT) after which phase values 
increase in February, 2002, before returning to October, 2001, values in the period 
March-May, 2002. A large decrease in phase is observed in June-August, 2002.
The relatively constant vertical phase gradients in the meridional component produce 
vertical wavelengths between 20-30 km, throughout the year. In the zonal component, 
the vertical wavelength o f the diumal tide is typically between 20 -  35 km, similar to 
those observed in the meridional component. The longest wavelengths ( - 5 0  km) are 
observed in June and July, 2002.
The 24-hour tide is a major feature o f the equatorial M LT region, in the interval October 
2001 -  October, 2002. Maximum amplitudes (greater than 40 m s'1) are observed in 
February-April, 2002 and August-October, 2002, at heights over 90 km. The phase o f 
the tide always decreases with height indicating upward energy propagation and in the 
meridional component is remarkably constant with time (i.e. at 90 km the phase o f the 
tide changes by less than 2 hours throughout the observed interval). Typically vertical 
wavelengths o f  -20-35 km are observed.
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Figure 4.10. Monthly mean phase o f  the 24-hour tide over Ascension Island 
in the interval October 2001-October 2002 in a) the meridional component 
and b) the zonal component.
4.4. Comparison of 12- and 24-Hour Tides with the 
NCAR/HAO Global Scale Wave Model
In this Section we will compare the observations from the Ascension Island radar to the 
predictions o f  the Global Scale Wave Model 2002 (GSW M  2002). The GSWM 2002 
solves the linearised extended Navier-Stokes equations for steady-state global 
tem perature and wind perturbations, and can produce solutions for unforced planetary 
waves and the migrating and non-migrating modes o f the 24- and 12-hour tides (Hagan 
et al., 1995; Hagan and Forbes, 2002; Hagan and Forbes, 2003).
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The tidal (and planetary wave) results generated by the GSWM 2002 are assumed a 
priori to have characteristic zonal wavenumbers and periodicities. A reference 
atmosphere is used to provide a mean background wind and temperature fields. The 
MSISE90 model provides the densities and temperatures used in the background 
atmosphere. The background winds below ~20 km and above -125  km are supplied by 
the semi-empirical model o f Groves (Groves, 1985) and the HWM-93 respectively. The 
winds in the mesopause region and the strato-mesospheric jets are defined by the 
climatologies produced by the High Resolution Doppler Interferometer (HRDI) 
instrument flown onboard the Upper Atmospheric Research Satellite (UARS).
The GSWM 2002 accounts for dissipation by molecular conductivity, viscosity, ion 
drag, Newtonian cooling, gravity-wave turbulence and the effect o f gravity-wave drag 
on the diumal tide. The effects o f gravity-wave turbulence and other mixing phenomena 
are accounted for by employing a monthly climatology o f eddy diffusion coefficients.
The tidal forcing in the GSWM 2002 accounts for all known sources o f thermal 
excitation, including tropospheric IR heating, UV absorption by ozone in the 
stratosphere and lower thermosphere, heating o f  mesopause molecular oxygen and latent 
heat release due to deep tropospheric convection.
Now let us compare the output o f  the GSWM 2002 model with the observations made 
over Ascension Island. Figure 4.11 shows the amplitude o f the 12-hour tide in both the 
meridional and zonal components generated by the GSWM 2002. Generally, the 
amplitude o f the 12-hour tide in the GSWM2002 increases with height and is greater in 
the meridional component.
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Figure 4.11. Amplitude o f  the 12-hour tide in the 8 0 -100  km region over 
Ascension Island (8°S, 14°W), predicted by the GSWM 2002 model in a) 
the meridional component and b) the zonal component.
Considering the meridional amplitude o f the tide, the tidal am plitudes predicted by the 
GSW M  2002 increase with increasing height in the period M arch-O ctober. In the 
sum m er m onths (Novem ber-February) the tide has small am plitude at all heights 
between 80-100 km. In addition a ‘tongue’ o f high am plitude penetrates to lower 
heights in March. The morphology o f the meridional am plitude o f the 12-hour tide 
predicted by the GSW M 2002 is in good agreement with the observations made over 
Ascension Island. Both the observations (in the interval October 2001 -  October 2002) 
and the model predictions display minimum amplitudes in December-January, an 
extended maximum at heights above 90 km in autumn and w inter and the tongue o f 
higher am plitudes extending to lower heights in March-April. The amplitude o f the tide 
predicted by the GSW M 2002 appears to be smaller than the observed values, by a 
factor o f  ~ 2 .
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Figure 4.12. Phase o f  the 12-hour tide in the 80 -1 0 0  km region over 
Ascension Island (8°S, 14°W), predicted by the GSWM 2002 model in a) 
the meridional component and b) the zonal component.
In the zonal component a simple seasonal dependence can be seen, with very low 
amplitudes in the period M ay-Septem ber. Amplitudes between 3 -6  ms ' 1 are produced 
in the period O ctober-February. The radar observations o f  the 12-hour tide over 
Ascension Island reveal a period o f increased activity in February-April, 2002, this 
increase is not predicted in the model output. The morphology o f  the zonal amplitude o f 
the 12-hour tide predicted by the GSW M 2002 does not agree with the observations 
made over Ascension Island. The very low amplitudes observed in the winter are 
predicted by the model, however the distinct maximum observed over Ascension Island 
in February-April, 2002 is not observed. The amplitude o f the tide predicted by the 
GSW M  2002 in winter and spring appears to within ~3 ms ' 1 o f  the observed values. 
However during the rest o f  the year predicted amplitudes appear to be smaller than the
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observed values, by a factor o f -5 . Note that the GSWM 2002 does not reproduce the 
observed interannual variability o f the tide.
The phase o f the 12-hour tide in both the meridional and zonal components generated by 
the GSWM 2002 in shown in Figure 4.12. Generally, the phase o f the 12-hour tide 
decreases with height, implying upward energy propagation and the meridional 
component lags the zonal component by 2-4 hours implying approximate phase 
quadrature.
Considering the meridional component, a simple seasonal pattern is observed. The 
phase o f the 12-hour tide predicted by the GSWM 2002 model is relatively constant in 
spring, summer and autumn, with earlier phase values observed in the winter. The phase 
o f  the tide predicted by the model during spring, summer and autumn has values 
between 8-12 hours (UT) at heights ~90 km, in the winter phase values as low as 2 
hours (UT) are predicted. The predicted behaviour o f  the vertical phase gradients 
produces a vertical wavelength o f the modelled tide that changes throughout the year. 
Values o f about 50 km are generated in the period January-April. This is in excellent 
agreement to the 40-60 km measured above Ascension Island, in January-April, 2002, 
and detailed in Section 4.3.1. Long vertical wavelengths are generated in M ay-August, 
in disagreement with the observations over Ascension Island. In September and 
October vertical wavelengths o f about 40 km are generated, this is also in agreement 
with the wavelengths observed over Ascension Island, in 2001 and 2002. In December 
and January wavelengths o f -8 0  km are generated by the GSW M  2002, slightly longer 
than the 40-60 km vertical wavelengths observed over Ascension Island.
In the zonal component a very simple seasonal pattern is observed. The phase o f the 12- 
hour tide predicted by the GSWM 2002 is remarkably constant throughout the year. 
The phase o f the tide predicted by the model has values between 8-10 hours (UT) at 
heights between 80-95 km throughout the year. The vertical wavelength o f  the tide in 
this component has a slight seasonal dependence. W avelengths o f  -1 2 0  km are observed 
in October-March, this value increases to more than 200 km in April and May, this then 
drops to 80-100 km in all other months, in disagreement to the vertical wavelengths o f 
15-60 km observed over Ascension Island in the period October 2001 -  October 2002 
(see Section 4.3.1).
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Comparing the phase values predicted by the GSWM 2002, shown in Figure 4.12, to the 
observed values shown in Figure 4.8, reveal significant differences between the 
modelled and observational data. For the purpose o f comparison we will use the 
criterion set out by M anson et al., (1999), which considers an agreement in phase angle 
between observations and the GSWM better than 3 hours for the 12-hour tide to be 
“good” .
The GSWM 2002 does not replicate interannual variability, the model utilises mean 
climatology’s o f atmospheric constituents and background winds. This implies that 
observations taken in an interval when the atmosphere differed significantly from the 
background climatology’s used in the model may not compare well with the model. The 
phase o f the 24-hour tide will be particularly sensitive to any change in propagation 
from the tide’s source region in the troposphere. Also changes in the distribution o f 
tropospheric latent heat release due to deep tropospheric convection will result in 
differing non-migrating tidal modes. A change in the transport o f ozone from the tropics 
due to differing planetary wave/gravity wave forcing would result in changing the 12- 
hour tide. Many factors therefore control the differences between the predicted tides o f 
the GSWM 2002 and the tides observed over Ascension Island. Therefore the rather 
broad M anson criterion will be used to compare the predicted and observed phases.
A similar argument can be presented for using the M anson Criterion when comparing 
observations taken during different years. This is a common problem in observational 
studies. The forcing and the propagation o f the various tidal modes change from year- 
to-year. Both o f the long-term studies by Manson et al. (1999) and Tsuda et a l  (1999) 
have characterised this variability, and show that in the equatorial regions the amplitude 
o f the 24-hour tide in any specific month can vary by ~±50%. The phase o f the tide can 
also vary by ~±4-6 hours. In the case o f the 12-hour tide, the observed inter-annual 
variability is ~  ±60% in amplitude and ~2-4 hours in phase. Therefore detailed 
comparisons between observations taken in different years must be taken with this 
variability in mind.
In the zonal component the invariant, long vertical wavelength nature o f the 12-hour tide 
predicted by the GSWM 2002 is inconsistent with the observations o f the tide over 
Ascension Island in the interval October 2001 -  October 2002. In the meridional
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component a similar level o f inconsistency between the observed and predicted phases 
exists.
We will now consider the 24-hour tide predicted by the GSWM 2002. Figure 4.13 
shows the amplitude o f the 24-hour tide in both the meridional and zonal components 
generated by the GSWM 2002 for the latitude and longitude o f Ascension Island (8°S, 
14°W). Generally, the amplitude o f the 24-hour tide is predicted to strongly increase 
with increasing height. The highest amplitudes are observed in the meridional 
component where peak amplitudes o f over 80 m s'1 occur in October.
Considering the meridional component, the amplitude o f  the 24-hour tide predicted by 
the GSWM 2002 has two amplitude maxima per year, occurring in April and October. 
Amplitudes larger than 60 m s'1 are predicted to occur in these intervals at heights above 
95 km. The predicted amplitude o f the tide peaks at a height o f about 105 km (not 
shown in Figures). Comparing the predictions o f  the GSWM 2002 to the radar 
observations made over Ascension Island it is found that the predicted seasonal 
behaviour o f the tide is similar to the radar observations over Ascension Island. 
However, the amplitude o f the tide predicted in the model is larger than the radar 
observations by about 60-70% (e.g., 80 m s'1 c.f. 50 m s'1 in October).
This discrepancy may be attributable to the interannual variability o f the 24-hour tide. 
As mentioned earlier the GSWM 2002 does not reproduce the observed interannual 
variability o f the tides. In the study o f  Tsuda et al. (1999) the 24-hour tide over Jakarta 
was observed in the 5-year interval between 1992-1997. This study revealed that the 
amplitude o f the 24-hour tide displayed considerable interannual variability. In fact, the 
amplitude o f the tide could vary year-to-year by as much as 50%.
Considering the zonal component, the predicted amplitude o f the 24-hour tide follows 
the same seasonal pattern as the meridional component. However, the radar 
observations o f the zonal 24-hour tide (Figure 4.8b) reveal a very different behaviour in 
the interval October 2001 -  October 2002. The observed tidal amplitudes display a 
short maximum at all heights in February, 2002, and an extended maximum at heights 
above 90 km in June-October, 2002. Therefore, the observed maxima occur 
approximately two months before the predicted maxima. The predicted amplitude o f the 
24-hour tide in April and September peak at a heights o f -1 0 0  km, however, the radar
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observations reveal that in these months in 2002 tidal amplitudes peak at heights 
between 90-95 km. The amplitudes predicted by the GSW M  2002 are a factor o f  ~2 
larger than the amplitudes observed over Ascension Island.
The phase o f the 24-hour tide in the GSWM is presented in Figure 4.14. The phase o f 
the tide in both components decreases with increasing height, implying upward 
propagation. The phase difference between the zonal and meridional com ponents is 
always close to 6 hours this implies phase quadrature. The different am plitudes 
predicted in each component, however implies an elliptical polarisation.










AMPLITUDE OF ZONAL 24-HOUR TIDE (GSWM 2002)
Figure 4.13. Amplitude o f  the 24-hour tide in the 8 0 -100  km region over 
Ascension Island (8°S, 14°W), predicted by the GSWM 2002 model in a) 
the meridional component and b) the zonal component.
In the meridional component, the phase predicted by the GSW M  2002 has relatively 
constant values in autumn and spring. In the summer and winter months earlier phase
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values are observed. This behaviour is similar to that observed over Ascension Island in 
the period October 2001 -  October 2002. However, the phase shifts to earlier values are 
not observed in the summer and winter months, also the phase predicted by the GSW M 
2002 is ~4 hours earlier than the phases observed over Ascension Island. Despite these 
changes in phase the vertical wavelength o f the tide predicted by the model remains 
relatively constant at about 25-32 km. The predicted vertical wavelength o f  the tide are 
within 10 km o f those observed. However the GSW M  2002 systematically 
overestim ates the vertical wavelength by ~5 km (20%).
a ) PHASE OF MERIDIONAL 24-HOUR TIDE (GSWM 2002)
PHASE OF ZONAL 24-HOUR TIDE (GSWM 2002)
Figure 4.14. Phase o f  the 24-hour tide in the 80 -  100 km region over 
Ascension Island (8°S, 14°W), predicted by the GSWM 2002 model in a) 
the meridional component and b) the zonal component.
Considering the phase in the zonal component, constant phase values are observed in the 
autumn and spring months, with strong phase shifts to earlier values observed in the 
sum m er and winter months. This behaviour is very similar to that observed in the 
meridional component. The vertical wavelength o f the tide in this com ponent has a
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slight seasonal dependence. Vertical wavelengths o f  -4 0  km are observed in December, 
January, this value drops to -  30 km in all other months. These predicted values are 
within the limits o f uncertainty o f the observed values in February-April, September and 
October. At all other times the GSWM 2002 overestimates the vertical wavelength o f 
the tide by - 7  km (30%).
Comparing the phase values from the GSWM 2002, shown in Figure 4.14, to the 
observed values shown in Figure 4.10, reveal similarities between the modelled and 
observational data. For the purpose o f comparison we will use the criterion set out by 
M anson et al., (1999), which considers an agreement in phase angle between 
observations and the GSWM better than 6 hours for the 24-hour tide to be “good”.
In the meridional component, the difference between the observed and modelled phase 
values is very simple. The modelled data appears to systematically lead the observed 
data by - 6  hours, the behaviour o f the modelled phase is very similar to the behaviour o f 
the observational data collected, as shown in Figure 4.10. In the zonal component, the 
seasonal behaviour generated by the model is comparable to the observed behaviour. 
The phase difference between the predicted and observed values reveals that the GSWM 
2002 systematically leads the observed values by 2-6 hours. Therefore, following the 
criterion set out earlier it can be said that the agreement between the observed and 
modelled phases o f the 24-hour tide over Ascension Island are in reasonable agreement.
In summary, the seasonal behaviour o f the amplitude and phase o f the 24-hour tide is 
well modelled in the GSWM 2002. However, the amplitude o f the 24-hour tide over 
Ascension Island predicted by the GSWM is systematically larger than that observed by 
a factor o f -60-70% . This discrepancy maybe due to interannual variability as a long­
term study o f the 24-hour tide revealed that the amplitude o f the tide may vary by as 
much as 50%. (Tsuda et al., 1999). The predicted phase o f  the tide systematically leads 
the observed phase by -2 -6  hours and the vertical wavelengths agree to within 20-30%.
4.5. Comparison of the Tides Observed Over Ascension 
Island with Other Equatorial Observations
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In this Section, the observations o f the tides made over Ascension Island, detailed in 
Sections 4.3.1^1.3.2, will be compared to observations o f the equatorial tides made by 
other radars. The Global Scale Wave Model 2002 (GSWM 2002) is used to help 
interpret the differences between the various radar sites by suggesting the spatial 
structure (including longitudinal structure) o f the 12- and 24-hour tides due to non­
migrating components.
4.5.1. The 12-Hour Tide
M anson et al. (1999) reported a study o f the 12- and 24-hour tides measured in the 
period 1990-1997 by a Northern Hemisphere network o f MF radars, including a system 
stationed on Christmas Island (2°N, 202°W). Included in this study were seasonal-mean 
values o f amplitude and phase for both the 12- and 24-hour tides in the zonal and 
meridional components. Also included in this study were monthly-mean values o f zonal 
amplitude, phase and vertical wavelength for the 12- and 24-hour tides, at heights o f 8 1 - 
82 km and 90-91 km. No observation at heights above 90 km were reported by M anson 
et al., so reducing the problem o f instrument bias when comparing MF and meteor radar 
observations since these biases are believed to be relatively small at heights below ~90 
km (Manson et al., 2004).
Considering firstly the 12-hour tide, Manson et a l (1999) produced a simple 
climatology o f the zonal 12-hour tide based upon seven years o f data collected in the 
interval 1990-1997. It is found that the amplitudes measured over Ascension Island and 
Christmas Island agree to within ~2 m s'1. The amplitudes measured over Ascension 
Island fall within the range o f amplitudes measured at Christmas Island. However the 
measured peak in 12-hour tidal amplitudes in February-M ay, 2002, appears smaller in 
the Christmas Island data, i.e. 4-9 m s'1 over Christmas Island compared to 12-15 m s'1 
over Ascension Island. This similarity between the measured amplitudes o f  the zonal 
12-hour tide is what we would expect if  we assume the distribution o f migrating and 
non-migrating tidal modes given by the GSWM 2002 (see appendix B). GSWM 2002 
includes non-migrating tides and suggests that these account for an amplitude difference 
o f ~2-3 m s'1 between Ascension Island and Christmas Island.
Now considering the phase o f the 12-hour tide measured by Manson et al. (1999) using 
the Christmas Island radar, it is found that the phase (UT) o f  the 12-hour tide over
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Christmas Island, at a height o f 82 km, lags that over Ascension Island by around 2-3 
hours, at 90.6 km this lag is around 2-4 hours.
This systematic phase lag can be understood in terms o f the longitudinal and latitudinal 
structure due to non-migrating tidal components. Such effects are important when 
investigating tidal phases and can be examined by using a model such as the GSWM 
2002. Using this model phase lags o f ~2 hours are expected between Ascension Island 
and Christmas Island. An example o f the spatial structure produced by non-migrating 
tidal components is given in Figure 4.15. In this Figure the spatial structure o f  the 
amplitude o f the zonal 12-hour tide at a height o f -9 0  km is presented. Note the clear 
wavenumber 2 structure in the winter middle latitudes and the weaker wavenum ber 4 
structure at equatorial latitudes.
It is interesting to note that M anson et al. (1999) also recorded considerable interannual 
variability o f tidal phases over Christmas Island. Phase values varied by as much as 6 
hours in the seven years o f data recorded. Therefore the observed phase lag could also 
be attributed to inter-annual tidal variability.
In the period June 1984-June 1987, a meteor radar was used to observed the mean and 
tidal winds over Trivandrum (8.5°N, 77°E), under solstice conditions. In all, two 
summer and three winter solstice periods where investigated (12-17 June 1984, 8-13 
June 1987, 10-21 November 1986, 8-19 December 1986 and 19-30 January 1987) 
(Reddi, Rajeev and Geetha, 1993).
142
Chapter  4 - equator ia l  Mean  W in ds  and Tides
GSWM, Eastward  Wind ( m s  ’)
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Figure 4.15. Contours o f  the amplitude o f  the zonal 12-hour tide displaying  
the spatial structure o f  the tide at a height o f  - 9 0  km. Figure produced by 
the GSW M  2002 m odel (G SW M  W ebpage).
Considering the amplitude o f the 12-hour tide, it was found that in the zonal component 
the amplitude o f the 12-hour tide increased with increasing height in January 1987 and 
June 1984, the other observation periods had amplitudes that decreased with increasing 
height.
In the meridional component, the amplitude o f the 12-hour tide observed over 
Trivandrum in summer solstice conditions is consistent with the Ascension Island 
observations, even though the Trivandrum observations were for the interval Novem ber 
1986-January 1987. In winter solstice conditions the amplitude o f the meridional 12- 
hour tide over Trivandrum decreased with increasing height. This is in disagreement 
with the observations o f the tide over Ascension Island.
Considering the behaviour o f tidal phase observed over Trivandrum in both the zonal 
and meridional components, the observations o f Reddi, Rajeev and Geetha (1993) 
disagree with the Ascension Island results. In particular, the phase gradient o f  the tide is 
either much steeper than observed over Ascension Island or the phase gradient is
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positive i.e. the phase increases with increasing height. This upward motion o f the 
phase fronts with time actually corresponds to a tidal disturbance propagating 
downward.
Such discrepancies could be due to the short observing periods (~10 days) used in the 
study by Reddi, Rajeev and Geetha in comparison to the longer-term averages presented 
here. Although it should be noted that in the -o n e  year o f data considered here, no 
upwardly propagating phase fronts were observed.
4.5.2. The 24-Hour Tide
Manson et al. (1999) reported a study o f the 12- and 24-hour tides measured in the 
period 1990-1997 by a Northern Hemisphere network o f MF radars, including a system 
stationed on Christmas Island (2°N, 202°W). Included in this study were seasonal-mean 
values o f  amplitude and phase for both the 12- and 24-hour tides in the zonal and 
meridional components. Also included in this study were monthly-mean values o f zonal 
amplitude, phase and vertical wavelength for the 12- and 24-hour tides, at heights o f 81 - 
82 km and 90-91 km. No observation at heights above 90 km were reported by Manson 
et al. (1999) (see earlier).
Considering the 24-hour tide in the zonal component at 81km the amplitudes measured 
over Ascension Island in the period April-October, 2002, are in agreement with those 
measured over Christmas Island in the period April-October, measured in the years 
1990-1997. The amplitudes measured over Ascension Island in the period January- 
March, 2002, are greater than those measured over Christmas Island in the same months 
o f 1990-1997, by a factor o f approximately two. I f  we assume that the 24-hour tide 
observed over Ascension Island and Christmas Island consists o f a superposition o f 
migrating and non-migrating modes as described by the (GSWM 2002), then this effect 
can be explained by the dominance o f a zonal wavenumber four non-migrating tidal 
mode at low latitudes. This tidal mode maximises over Ascension Island and minimises 
over Christmas Island, producing the amplitude shift observed between Christmas Island 
and Ascension Island in the period January-March.
A t greater heights (90-91 km) the amplitude o f the tide over Ascension Island has 
increased as expected (see Figure 4.11b), however, the amplitude o f the tide over
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Christmas Island appears to decrease with height to values around 10 m s'1, such a 
decrease is not modelled by the GSWM 2002 nor is it observed over Ascension Island. 
This decrease in amplitude may be due to inter-instrument bias. However, instrumental 
bias cannot be the sole cause o f this discrepancy, as a similar decrease in 12-hour tidal 
amplitudes was not observed.
Under the assumption o f the 24-hour tide being composed o f a number o f migrating and 
non-migrating tidal modes then, the phase o f the zonal 24-hour tide in universal time 
(UT) exhibits spatial structure, other than the naive approximation o f a one hour shift in 
phase every 15 degrees o f longitude. Taking this spatial structure into account, in the 
lower height region observed (81 -82 km), the phase o f the tides observed at both sites 
are in ‘good’ agreement (using the Manson criterion described earlier). At greater 
heights (90-91 km) the phase values observed at the two sites are in ‘good’ agreement, 
apart from the period November-January where phase differences between the two sites 
o f  around 9 hours are observed. Due to the good agreement at lower heights this 
discrepancy may be caused by differing vertical wavelengths o f the 24-hour tide at the 
two sites.
Now considering the observations o f the 24-hour tide over Trivandrum (Reddi, Rajeev 
and Geetha, 1993). In the case o f the (Northern) winter zonal 24-hour tide the amplitude 
o f the tide generally increases with height, having values o f ~10 ms"1 at 80 km, 
increasing to 15-20 m s'1 at 100 km. The amplitude o f the tide also appears to increase 
with time, in agreement with the Ascension Island data recorded in November 2001 -  
December 2002, this is consistent with the spatial structure o f the 24-hour tide generated 
by the superposition o f migrating and non-migrating tidal modes predicted by the 
GSWM 2002. In the (Northern) summer months, considerable inter-annual variation is 
observed in the Trivandrum data, the amplitude for June 1984 being double that o f June 
1987. Amplitude maxima are observed at ~87 km in the Trivandrum data, however, 
these maxima are not observed in the Ascension Island data or the GSWM 2002, and are 
probably due to planetary wave interference (this interference is discussed in Reddi, 
Rajeev and Geetha, 1993). Considering the behaviour o f the 24-hour tide in the 
meridional component, the amplitude o f the 24-hour tide measured over Trivandrum 
agrees well with the Ascension Island data.
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The phase o f the 24-hour tide in the zonal component observed over Trivandrum is 
about 6-8 hours (UT) behind that o f Ascension Island. Using the GSW M  2002, then 
this phase lag is consistent with the assumption that the tide is a superposition o f 
migrating and non-migrating modes. Therefore, the Trivandrum observations are in 
‘good’ agreement with the Ascension Island observations.
The phase o f  the 24-hour tide in the meridional component over Trivandrum in June and 
January increases with increasing height, this disagrees completely with the Ascension 
Island data. Such a disagreement is probably due to a number o f  factors including 
planetary-wave contamination and inter-annual variability. In Novem ber and December 
the phase o f the 24-hour tide observed over Trivandrum decreases with increasing 
height and lags the Ascension Island data by - 6  hours. Using the GSW M  2002, then 
this phase lag is consistent with the assumption that the tide is a superposition o f 
migrating and non-migrating modes. Therefore, the Trivandrum observations are in 
‘good’ agreement with the Ascension Island observations.
In the period October 1992-October 1997 a meteor radar system operated in Jakarta 
(6°S, 107°E), and observed the 24-hour tide. During this period 31-day means o f 
amplitude and phase o f the meridional 24-hour tide, between 75-105 km were calculated 
(Tsuda et al., 1999).
In the study o f Tsuda et al. (1999) the amplitude o f the 24-hour tide appears to maximise 
at a height between 90-95 km, in all months except in October-February where the 
maximum occurs at a height o f about 85 km. The seasonal behaviour o f  the tide exhibits 
considerable inter-annual variability with maxima (-30  m s'1) observed throughout the 
year. Considerable inter-annual variability is observed in tidal amplitudes during this 
time, with specific monthly amplitudes fluctuating between 35 m s'1 to 15 m s'1. Such 
variability must be considered when comparing these values to the Ascension Island 
data.
Comparing the amplitude o f the 24-hour tide measured over Jakarta and Ascension 
Island, it is found that amplitudes observed over Ascension Island appear to be a factor 
o f about 1.5 times larger than those measured over Jakarta; the highest amplitude 
observed in the Jakarta data being -  35 m s'1 compared to 55 ms’1 in the Ascension 
Island measurements. This could be due to the spatial structure o f the 24-hour tide. If
146
Ch apter  4 - equa torial  Mean  Winds  and Tides
we assume that the 24-Hour tide observed over Ascension Island and Jakarta consists o f 
a superposition o f migrating and non-migrating modes as described by the GSWM 
2002, then this effect can be explained by the dominance o f a zonal wavenumber four 
non-migrating tidal mode at low latitudes. This tidal mode maximises over Ascension 
Island and minimises over Jakarta, producing the approximate 2:1 amplitude ratio 
observed between Jakarta and Ascension Island.
The height o f the amplitude maximum over Ascension Island appears to be above or 
about 95 km throughout the year, in disagreement with the observations made over 
Jakarta. The height o f the main amplitude maxima in the GSWM 2002 over Jakarta and 
Ascension Island appears to be at a height o f 100-105 km, in agreement with the 
Ascension measurements. However a secondary peak appears in the model at a height 
o f ~80 km in the months October -  March, in agreement with the Jakarta measurements.
The phase o f the meridional 24-hour tide over Jakarta exhibit a smooth seasonal 
variation that can be approximated by a sinusoidal curve (Tsuda, 1999). Such a seasonal 
variation is not seen in the Ascension Island data, however, using the M anson criterion, 
there is ‘good’ agreement in the phase values o f the tide at the two sites.
Vertical wavelengths o f about 30 km were observed over Jakarta, throughout the five 
year period o f observation. This is in agreement with the 20-30 km vertical wavelengths 
measured over Ascension Island.
In summary, differences exist in the amplitude and phase o f the tides measured over 
Ascension Island and other equatorial observing sites. These differences include 
systematic phase lags, variable amplitudes and differing vertical wavelengths. Some of 
these differences may result from instrument biases (Manson et al., 2004). In particular, 
at heights above 90 km wind speeds measured by MF radars are generally less than 
those measured by meteor radars. The reason for this discrepancy is still unknown. 
Further, non-migrating tidal components can cause longitudinal and latitudinal structure 
in tidal amplitudes and phases. In general, at 8°S (Ascension Island), such non­
migrating components can produce differences as large as ~3 m s'1 in amplitude and ~6 
hours in phase for the 12-hour tide. In the case o f the 24-hour tide differences as large 
as 40 m s'1 and ~6 hours can exist.
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4.7. Conclusions
In this Chapter monthly-mean climatologies o f the mean winds and tides over Ascension 
Island for the period October 2001-October 2002 were presented. The zonal mean 
winds observed over Ascension Island are dominated by the MSAO. The meridional 
mean winds exhibit a cross-equator flow that is consistent with the gravity-wave driven 
pole-to-pole circulation. A southward flow is observed in June-July at heights between 
90-95 km, this flow is similar to a feature observed at Arctic latitudes. Considering the 
principle o f continuity, the existence o f this flow may indicate longitudinal structure in 
the pole-to-pole circulation.
The observations o f the 12-hour tide over Ascension Island show that the tide 
maximised in January-July, 2002, in the meridional component, the maxima in the zonal 
component is much shorter, lasting between January-April, 2002. In March, 2002, the 
tide exhibited a maxima that extended down to lower heights. This is similar to a 
feature seen in Northern Hemisphere, high-latitude sites.
The behaviour o f the amplitude o f the 12-hour tide in the meridional component over 
Ascension Island in the interval observed is consistent with the GSWM 2002. However, 
in the zonal component the distinct maximum observed in January-April, 2002, is not 
reproduced in the model. The behaviour o f the phase o f the tide observed in this 
interval is not consistent with the predictions o f  the GSWM 2002.
The spatial structure o f the tide observed over Ascension Island and other equatorial 
sites appears to be consistent with the distribution o f migrating and non-migrating tidal 
modes as described by the GSWM 2002.
The observations o f the 24-hour tide over Ascension Island show that the 24-hour tide 
was the dominant tidal oscillation in the equatorial M LT region during the interval 
observed. Generally, the amplitude o f the tide in the meridional component was greater 
than amplitudes observed in the zonal component. The meridional amplitude o f the tide 
increased with increasing height, reaching maximum amplitudes at a height o f ~ 95 km. 
M aximum amplitudes were observed in October 2001, January-May, August and to a 
lesser extent October 2002.
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The amplitude o f the 24-hour tide in the zonal component generally increased with 
increasing height. In February, 2002, amplitudes over 25 m s'1 were recorded at all 
heights, similar amplitudes were observed in May-August, 2002, at heights over 90km. 
In November-December, 2001 and April, 2002, tidal amplitudes were below 25 m s'1 at 
all heights observed.
Comparing the predictions o f the GSWM 2002 to the radar observations made over 
Ascension Island it is seen that the seasonal behaviour o f the tide predicted by the 
GSW M  is similar to the behaviour o f the radar observations o f the tide over Ascension 
Island. However, the amplitude o f the tide predicted in the model is systematically 
larger than the radar observations, and the radar observations reveal that the amplitude 
o f the tide peaks at heights around 95 km -  10 km lower than in the model. Using the 
Manson criterion, the seasonal behaviour o f the phases predicted by the GSWM 2002 
are in ‘good’ agreement with the results presented here.
The spatial structure o f the tide observed over Ascension Island and other equatorial 
sites is consistent with the distribution o f migrating and non-migrating tidal modes as 
described by the GSWM 2002, this includes the possible observation o f a wavenumber 
four non-migrating tidal component.
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Chapter 5 
Planetary Waves in the Equatorial 
Mesosphere and Lower Thermosphere
5.1. Introduction
Over short timescales the motion o f the equatorial M LT region is dominated by the 24- 
hour tide. However, over timescales o f several days to weeks other, low frequency, 
oscillations are apparent in the wind field and these include planetary waves.
Momentum transport by equatorially trapped Kelvin waves and mixed Rossby-gravity 
waves is believed to be responsible for the forcing o f  the Quasi-Biennial Oscillation 
(QBO), which is a significant feature o f the equatorial stratosphere and mesosphere. 
The QBO will not be investigated here as the Ascension Island radar has so far recorded 
only one year o f data. However, it should be borne in mind that the QBO may act to 
filter waves propagating up into the M LT region from sources at lower levels.
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The planetary-wave field at the equator includes a family o f equatorially-trapped waves,
to ~20 days. Two distinct types o f Kelvin wave are observed in the equatorial 
atmosphere. The first type is mesoscale Kelvin waves. These are frequently observed 
in the troposphere and stratosphere. Such waves were first observed by radiosondes in 
the lower stratosphere and more recently by rockets, satellites and radars and other 
ground-based instrumentation. The second type o f  Kelvin wave are globally coherent 
oscillations, in that the zonal structure o f the wave is o f planetary scale. All Kelvin 
waves are trapped within -15° o f the equator.
In this Chapter, the spectral composition o f the equatorial wind field is described in 
Section 5.2. Section 5.3 provides an overview o f the observed characteristics o f the 
equatorial wind field in specific period bands corresponding to well-known planetary- 
wave frequencies -  concentrating in particular on the quasi-two day wave, the 3-day 
Kelvin wave and the 16-day Rossby wave.
5.2. The Spectral Composition of the Equatorial Wind Field
The dynamics o f the equatorial M LT region reveal oscillations with periods ranging 
from the approximately two-year period o f the QBO to gravity waves with periods o f 
only a few minutes. To characterise this broad spectrum o f oscillations, a normalised 
Lomb-Scargle periodogram o f zonal and meridional hourly winds, for the specific 
height o f 90.4 km over the one-year interval o f October 2001 to October 2002 is 
presented in Figure 5.1. The calculation o f  the normalised Lomb-Scargle periodogram 
is discussed in section A.4.2. The 95% confidence intervals are calculated using the fact 
that the spectrum generated using a normalised Lomb-Scargle periodogram has an 
exponential probability distribution function with unit mean. It follows that if  the 
spectrum contains M independent frequencies, then the 95% confidence limit can be 
calculated using equation 5.1. (Press et a l , 2001)
including Kelvin waves. These waves typically have periods o f the order o f a few days
(5.1)
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Figure 5.1. Lomb-Scargle periodograms o f  meridional and zonal winds at a 
height o f  90.4 km, measured over Ascension Island in the interval October 
2001-O ctober 2002. a) Periods less than 365 days and b) Periods less than 
30 days. In each case the 95% confidence limit is indicated by a dashed 
line. The periods o f  specific oscillations considered in the text are indicated 
by arrows in b).
The largest amplitude oscillations are observed at periods greater than -1 0 0  days in both 
the zonal and meridional components. These low-frequency oscillations correspond to 
the seasonal behaviour o f  the mean winds and the M SAO as discussed in Chapter 4. 
Am plitudes o f over 10 ms"1 are observed at all periods greater than 100 days in the zonal 
component. In the meridional component the corresponding amplitudes are generally
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smaller (~6 m s'1). A t periods below 30 days amplitudes rarely exceed 6 m s'1 in either 
component and generally the amplitude o f the zonal wind field is greater than that o f the 
meridional wind field. Note that the relatively small amplitudes o f the oscillations at 
periods o f ~  30 days or less does not necessarily mean that these oscillations are o f small 
amplitude at any particular instant. This is because in a one-year interval these higher 
frequency oscillations go through many cycles, and phase fluctuations will lead to some 
degree o f self-cancellation, an effect that decreases the apparent amplitude o f the higher 
frequency oscillations. The oscillation with a period o f -250  days, apparent in the 
meridional periodogram is probably a consequence o f the relatively short dataset and the 
inter-annual variability o f the cross-equatorial flow.
The spectrum o f oscillations with periods less than 30 days (Figure 5.1b) displays a 
number o f  features corresponding to the planetary-wave modes that might be expected 
to occur at periods less than -2 0  days. In the meridional component, oscillations with 
periods corresponding to the quasi-two-day wave and the 5-day wave can be seen. In 
the zonal component, strong oscillations can be seen at periods o f 3, 7-8, 11 and 16 
days.
These oscillations occur in the -2 -20  day period range associated with planetary waves 
and so we will hereafter interpret these oscillations as being the signatures o f planetary 
waves. To examine the wave field in more detail, a wavelet analysis was performed. 
The results o f a wavelet analysis o f the zonal and meridional winds at a height o f 90.4 
km is presented in Figures 5.2a,b respectively.
The wavelet analysis shown in Figures 5.2a,b used a Morlet wavelet. The Morlet 
wavelet is a sine wave multiplied by a gaussian envelope, the width o f the gaussian is 
such that six cycles o f the sine wave exist within the envelope. The M orlet is a popular 
choice o f wavelet in atmospheric studies as it closely resembles the ‘bursts’ o f waves 
observed in the atmosphere.
W avelet analysis is conceptually related to windowed-Fourier analysis. One can 
calculate the correlation between a wavelet and a time series, this gives a measure o f the 
projection amplitude o f the wavelet onto the time series. By sliding the wavelet along a 
time series one can construct a new time series o f the projection amplitude. By 
changing the width (or ‘scale’) o f the wavelet (and hence the period o f the sine wave
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contained within the M orlet wavelet) different frequencies within a time series can be 
investigated. Note that care should be taken when interpreting Figure 5.2, or any 
wavelet analysis for that matter. The temporal resolution o f the analysis decreases with 
increasing period. This causes larger blocks o f colour to appear at the high period 
section o f the plot (Figure 5.2). It is natural to assign these larger blocks greater 
significance than the ‘fine structure’ that typifies the lower period section o f the plot. 
This is wrong. Only statistically significant peaks (at the 90% level) are plotted in 
Figure 5.2, therefore the fine structure at periods ~2 days is as significant as the larger 
blocks o f  colour at periods ~15 days.
Immediately apparent is the burst-like nature o f  the planetary-wave activity over 
Ascension Island. These bursts have durations o f  several days to a couple o f months 
(Note that the variable window length used in the wavelet analysis means that the 
spectra shown in Figures 5.2a,b have a temporal resolution that is inversely proportional 
to period). Examples o f this burst-like behaviour include the episodes o f enhanced 
activity with periods around 5-7 days, observed in both components in November- 
January. Note that no one period is present continuously throughout the year.
Generally, the amplitude o f  the planetary-wave field observed over Ascension Island is 
less than 20 m s'1. Note that the Morlet wavelet used in this analysis contains six wave 
cycles within a Gaussian envelope and it is therefore possible that instantaneous wave 
amplitudes can be significantly larger than 20 m s'1. Examination o f Figures 5.2 a,b 
reveals that the composition o f the wave field changes over the year in both the zonal 
and meridional components. Apart from regular but intermittent bursts o f quasi-two-day 
wave activity, planetary-wave activity at a particular period is irregular, this is especially 
true at periods longer than 10 days. Large asymmetries between the zonal and 
meridional wave-fields are also observed.
The wavelet analysis reveals several recurring features with periods o f 2-4 days, 5-7 
days, 10-12 days and 14-20 days, often evident in both components. These features 
appear to approximately correspond to the quasi-two-day wave, a 3-day Kelvin wave, 
and the 5-day, 10-day and 16-day normal modes.
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Figure 5.2. W avelet analysis o f  horizontal winds over Ascension Island at a 
height o f  90.4 km. a) Zonal component and b) Meridional component.
To further investigate the wave field at these characteristic periods the horizontal winds 
at heights between 89-92 km were bandpass filtered using the period bands shown in 
table 5.1. The variance o f the bandpass was then calculated over a window length also 
shown in table 5.1. The variance for each bandpassed time series was then used as a 
measure o f the energy within each period band. The results o f  this analysis are shown in 
Figure 5.3a.
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Quasi-two-day 1 .5 -2 .5 0 .4 -0 .6 7 12
3 Day Wave 2 .5 -3 .7 5 0 .2 7 -0 .4 12
‘5-Day W ave’ 5 - 9 0 .1 1 -0 .2 24
10 Day Wave 9 - 1 4 .2 0 .0 7 -0 .1 1 40
16 Day Wave 1 4 .2 -1 8 .7 0 .05 -0 .07 64
Table 5.1. The period ranges, corresponding frequency ranges and window  
lengths used in the bandpass and variance calculations, the results o f  which 
are presented in Figure 5.3a.
The detailed climatology o f the waves evident in each o f these period bands will be 
discussed in Section 5.3. Here we will just note the general features o f each period 
band.
Firstly, considering the quasi-two-day band, we see that in general the meridional 
variance is greater than the zonal variance. The variance o f the quasi-two-day band is 
strongly episodic however. The variance o f the period band maximises in the summer 
(December 2001-January 2002) in the meridional component and in the winter (June- 
July, 2002) in the zonal component. The large variance o f the quasi-two-day period
9  9band during the summer time maximum (over 1000 m s ' )  corresponds to the known 
seasonal maximum in the amplitude o f the quasi-two-day wave. At times the variance 
associated with the quasi-two-day wave exceeds that associated with the 24-hour tide. 
Note that a significant component o f this variance may also be due to long-period 
Inertia-Gravity waves.
Figure 5.3 reveals that activity in the 3-day period band is, for the majority o f  the time, 
is either dominated by the zonal or the meridional component. The interpretation o f 
wave activity in this period band is discussed further in Section 5.3.2.
In the case o f the 5-day band, the variance o f the zonal and meridional components is 
approximately equal, and activity maximises in summer (December 2001 -  February
2002) and winter (June -  August 2002). Considering the 10-day band the variance o f
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the band is similar in both the zonal and meridional components, and a period o f 
enhanced activity is observed in late winter (August, 2002). In Figure 5.3 we see that 
the variance o f the 16-day band is similar in both the zonal and meridional components, 
and that the 16-day band maximises in winter (June-August, 2002). A secondary 
maximum is observed in summer (January-M arch, 2001) in the zonal component.
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Figure 5.3. Variance o f  the bandpassed winds (heights between 8 9 -9 2  km), 
between October 2001 and October 2002. The blue line represents the 
variance o f  the zonal wind and the green line the variance o f  the meridional 
wind.
The general features o f  each planetary-wave period band will now be com pared with 
those observed at mid- and high-latitudes. A simple m eteor radar has been operating in 
the UK (52°N) since 1989 and has produced one o f  the longest available data sets o f  
m esospheric winds at mid-latitude. The UK m eteor radar has no height finding 
capability and hence provides horizontal wind information averaged over the 80-100 km 
height range weighted by the vertical distribution o f m eteor echoes. In addition to the 
UK and Ascension Island radars, the University o f Bath also operates a m eteor radar at 
Esrange in Arctic Sweden (6 8 °N). The Ascension Island and Esrange radars are both 
SkiYmet systems, and provide horizontal wind information with a height resolution o f ~2
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km at heights between -80-100 km. Comparison o f  the planetary-wave field observed 
over Ascension Island with that observed over the UK and Esrange reveals the 
meridional structure o f the planetary-wave field. Figure 5.4a shows the monthly zonal 
variance o f the quasi-two-day, the 5-day, 10-day and 16-day bands. Figure 5.4b shows 
the corresponding meridional data.
It is important to note that the data presented for the mid- and high-latitudes in Figures 
5.4a,b are for the interval August 1999 to October 2001, while the Ascension Island data 
represents the interval October 2001 to October 2002. Interannual variability therefore 
limits the significance o f the comparisons that can be made when comparing data from 
the three sites although general seasonal patterns can still be compared.
Considering the quasi-two-day period band, at all three locations the variances are larger 
in the meridional component than in the zonal component. This striking result is highly 
suggestive that this period band is dominated by the quasi-two-day wave, a wave which 
is known to be strongly meridionally polarised. From now on we will therefore interpret 
the activity in this band as resulting from the quasi-two-day wave.
In the zonal component the monthly variances presented in Figure 5.4a reveal that over 
Ascension Island the quasi-two day wave is present throughout the interval October 
2001 -  October 2002 and has significantly larger variances than at other sites. However, 
over the UK and Esrange the seasonal behaviour o f  the quasi-two-day wave displays 
clear maxima in the summer and winter months.
In the meridional component, the variance o f the quasi-two-day wave is strongest over 
Ascension Island and weakest over Esrange. Over Ascension Island the quasi-two-day 
wave is present throughout the period o f observation albeit with minor peaks in activity 
in January and July, 2002. This is in contrast to the seasonal behaviour observed with 
significant variance over the UK and Esrange, where the quasi-two-day wave is only 
observed in the summer and winter. It is interesting to note that over the UK and 
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Figure 5.4. Monthly variance o f  the quasi-two day, 5-day, 10-day and 16- 
day period bands observed over Ascension Island, U.K. and Esrange in the 
a) zonal and b) meridional components (after H.R.Middleton, 2003).
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In the case o f the 5-day band, the variance o f the band appears to be slightly stronger 
over Ascension Island than over the UK and Esrange. However, significant interannual 
variability is observed in the longer UK and Esrange data sets. In the zonal component, 
over the UK and Esrange the seasonal cycle is not well defined, however, the variance 
o f the band appears to maximise in August-September and in December-February. This 
is in general agreement with the activity observed over Ascension Island. In the 
meridional component over Ascension Island the 5-day band displays maximum 
variance in December, 2001 and May-July, 2002. The December peak in 5-day band 
activity is present over the UK and Esrange, however the extended maximum observed 
over Ascension Island in the interval May-July, 2002, is not observed over the UK or 
Esrange during 1999-2001.
Considering the 10-day band, in the zonal component over Ascension Island activity in 
the 10-day band is present throughout the year, and displays maximum activity in 
November 2001 and August 2002. Over the UK and Esrange the seasonal behaviour of 
the 10-day band displays a clear minimum in the summer months (June-August), and a 
clear maximum in the winter months (December-February). In the meridional 
component, the variance o f the 10-day band over Ascension Island maximises in 
August, 2002. This is in contrast to the seasonal behaviour observed over the U.K., 
where small bursts o f activity in the 10-day band are observed throughout the year. 
Over Esrange the variance o f the 10-day band shows strongest activity in winter 
(December-January), considerable interannual variability is also present.
Finally, in the case o f the 16-day band the zonal and meridional variances o f the band 
appear to be stronger over Esrange than over the U.K and Ascension Island. In the 
zonal component over Ascension Island maximum variance is observed in June-August, 
2002 (winter), with a secondary maximum present in February, 2002 (summer). This is 
in agreement with the seasonal pattern o f the variances observed over the UK and 
Esrange. In the meridional component, the variance o f the 16-day band over Ascension 
Island maximises in August, 2002 (winter). Over the UK and Esrange the seasonal 
cycle is well defined and also maximises in winter. This is also in agreement with the 
activity observed over Ascension Island. Note, considerable interannual variability is 
also present in the longer U.K. dataset.
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In summary, the wave field observed over Ascension Island reveals a rich and diverse 
population o f oscillations, with periods between 1.5-20 days. We will now consider the 
physical nature o f  the quasi-two-day, 3-day, and 16-day period oscillations.
5.3. Particular Planetary Waves over Ascension Island
It was decided to restrict investigation o f particular planetary waves to those with 
periods less than 20 days. This limit was chosen because the major planetary-wave 
modes o f oscillation evident in Figures 5.1 and 5.2 occur at periods below 20 days. 
Three particular planetary waves will be considered here. These are the quasi-two-day 
wave, oscillations with period near 3 days (which may include ultra fast Kelvin waves) 
and the 16-day wave. We will now consider each in turn.
5.3.1. The Quasi-2 Day W ave
The quasi-two-day wave is usually identified as the (3,0) Rossby normal mode (i.e. a 
zonal wavenumber three wave; Salby, 1981; Hagan et al., 1993). However, recent 
modelling studies, and observations by ground-based radars and satellites have shown a 
series o f westward propagating oscillations with periods between 1.5-2.5 days and zonal 
wavenumbers ranging between 2 and 5 (e.g., Norton and Thubum, 1996; M eek et al., 
1996; Thayaparan et a l , 1997b; Pancheva et al., 2004). The quasi-two-day wave is a 
global-scale oscillation that can attain very large amplitudes in the equatorial M LT 
region (for example, instantaneous amplitudes -1 0 0  m s'1 are occasionally observed over 
Ascension Island in December-February). Occasionally, the amplitude o f the wave is so 
large that it exceeds even that o f the 24-hour tide.
Published studies have reported that the quasi-two-day wave is stronger in the 
meridional component than in the zonal component, and that amplitudes are 
approximately a factor o f two stronger in the Southern Hemisphere than in the Northern 
Hemisphere. A stronger wavenumber three activity in the Southern Hemisphere is often 
attributed to the distribution o f land and sea, which naturally favours excitation o f zonal 
wavenumber three oscillations in the Southern Hemisphere (e.g. South America, Africa 
and Australia are approximately spaced by 120° o f longitude). The amplitude o f the 
wave maximises at heights between 80-100 km in the summer months. However,
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observations at equatorial and low latitudes in both hemispheres reveal that wave 
activity is very strong in January-Februaiy with a secondary maximum in June-July 
(e.g., Harris and Vincent, 1993; Palo and Avery, 1995; Gurubaran et a l, 2001). In the 
Southern Hemisphere the period o f the quasi-two-day wave is generally very close to 48 
hours, whereas in the Northern Hemisphere the period o f the wave varies between 40-55 
hours.
Three mechanisms have been proposed to explain the excitation o f the quasi-two-day 
wave. The first interprets the wave as a (3, 0) Rossby-gravity mode (Salby, 1981; 
Hagan et al., 1993). The second, proposed by Plumb (1983), Pfister (1985) and Norton 
and Thubum (1996) suggest that the 2-day wave is excited in a baroclinically unstable 
summer mesospheric jet. The third mechanism is that o f a non-linear interaction 
between the -16-day planetary wave and the (3,0) Rossby-gravity wave, this would 
result in the generation o f a -4 2  hour, wavenumber 4 wave and a -5 5  hour, wavenumber 
2 wave as sum and difference secondary waves (Pancheva et a l,  2004).
5.3.1.1. Variations with Height and Season
Figures 5.5a,b show the time-height distribution o f the variance in the 1.5-2.5 day period 
band observed over Ascension Island from October 2001 to October 2002 at heights 
between 80-100 km. As noted earlier, variance is a measure o f the wave energy within a 
particular period band. In this case, the variance was calculated using a 30-day sliding 
window.
Considering Figures 5.5a,b it can be seen that that greatest wave activity is observed in 
the meridional component. The variance in the zonal component generally increases 
with increasing height, corresponding to wave amplitudes that increase with height. 
However, the variance in the meridional component often reaches a maximum value at 
heights between 85-95 km and then decreases at greater heights (e.g. October, 2001 and 
March, July and August, 2002).
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Figure 5.5. Time-height contours o f  the variance o f  the 1.5-2.5 day period 
band observed over Ascension Island in the period October 2001 -  October 
2002 in a) the zonal component and b) the meridional component. The 
variance was calculated using a 12-day sliding window.
In the meridional component, the quasi-two day wave is present throughout the year, 
and episodes o f enhanced activity are frequently observed and last between 1 0 -2 0  days. 
M axim um  activity is observed in Decem ber 2001-February 20002 (summer) with a 
secondary maximum in June-July, 2002, (winter). Strong quasi-two-day wave activity 
is not observed throughout the year at Arctic and mid-latitude sites, such as Esrange and 
the UK. However, the increase in wave activity in the sum m er and winter months is 
observed.
Assum ing the zonal wavenumber three structure means that the phase speed o f a wave 
o f  period two days at mid- and high-latitudes is less than 55 m s '1, hence filtering o f the 
wave by the summer mesospheric jets becomes an important factor in explaining the 
seasonal behaviour o f the quasi-two-day wave. However, at 8 ° south the phase speed o f 
a wavenum ber three wave o f period two days is -7 7  ms"1, hence a two-day period wave 
could propagate through the mesospheric sum m er jet.
5.3.1.2. V ariations in Frequency
The analysis o f  variance presented above does not provide detailed information about 
the frequency behaviour o f  the quasi-two-day wave since all waves present within the
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period range considered will contribute to the variance. Spectral analysis techniques can 
be used to provide this frequency information. Figure 5.6a,b shows a running Lomb- 
Scargle periodogram o f  the meridional and zonal winds observed over Ascension Island 
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Figure 5.6. 12-day running Lomb-Scargle periodogram o f  winds at a height 
o f  90.4 km observed over A scension Island, for the interval October 2001- 
October 2002, in a) the meridional component and b) the zonal component, 
c) The period distribution o f  peaks with amplitude greater than 90%  
significance (-11  m s'1 in the zonal component, - 2 0  m s'1 in the meridional 
component)
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Considering Figures 5.6a-c it is seen that the quasi-two-day wave exhibits bursts o f 
activity. Individual bursts are often well defined in frequency and occur at periods 
between 1.6-2.4 days. Interestingly, the period o f the quasi-two-day wave has no 
apparent preference for a period o f two days when the amplitude o f the wave is large, in 
fact, periods o f -1 .7  or 2.25 days are preferred. Ascension Island is a Southern 
Hemisphere site, so the period o f the quasi-two day wave might be expected to be 
exactly two days. However, the quasi-two-day wave observed over Ascension Island 
appears to occur with a broad range o f frequencies throughout the 1.5-2.5 day period 
band. This is more typical o f the behaviour o f the quasi-two-day wave in the Northern 
Hemisphere.
Note that, due to the use o f the Lomb-Scargle periodogram the modulation o f wave 
amplitudes on timescales less than the window-length (in this case 12-days) may cause 
secondary peaks in the periodogram.
5.3.1.3. The Vertical W avelength o f the Q uasi-Two-Day W ave
To investigate the vertical propagation o f the quasi-two-day wave over Ascension 
Island, the vertical wavelengths during the intervals o f peak activity identified in Section 
5.3.1.2 were calculated. This calculation involved fitting a sine curve to each wave burst 
(the period o f the wave was calculated from the duration o f the burst and the number o f 
wave cycles contained within it). This was repeated in each height gate and the vertical 
gradient o f the phase calculated, by fitting a straight line (using the method o f least 
squares). The resulting estimate o f the local vertical wavelength o f the wave was plotted 
at the centre o f the wave burst. The results o f this are shown in Figure 5.7. For 
comparison the analysis was repeated using horizontal wind data from the Esrange 
m eteor radar.
Considering Figure 5.7 it is seen that the quasi-two-day wave observed over Ascension 
Island generally has vertical wavelengths between 20-50 km. Longest vertical 
wavelengths (-50  km) are observed in December 2001, February 2002 and June-July 
2002. Shorter vertical wavelengths (-25  km) are observed at all other times. The 
vertical wavelengths observed over Ascension Island in each individual burst are often 
well-defined, with very straight phase fronts. The downward phase slope indicates 
upward energy flow.
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Interestingly, the vertical wavelengths observed over Esrange (30-90 km) are generally 
longer than those observed over Ascension Island. Longest vertical wavelengths (-9 0  
km) are observed in June-July 2002, and the shortest vertical wavelengths (-3 0  km) are 
observed in August (2002). Vertical wavelengths between 40-60 km are observed at all 
other times. Note, the comparatively low amplitude o f the quasi-two-day wave over 
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Figure 5.7. The vertical wavelength o f  the quasi-two-day wave bursts 
observed in the interval October 2001-October 2002 over Ascension Island 
and Esrange.
The difference in vertical wavelengths observed at Ascension Island and Esrange is 
probably due to the different propagation environm ent over the two sites (i.e. strong 
wind shears in summer over Esrange verses the strong M SAO signature in March 2002 
over Ascension Island). This is discussed further in Section 5.3.1.5.
5.3.1.4. A Case Study of the Quasi-Two-Day wave in Sum m er
To further investigate the behaviour o f  the quasi-two-day wave, a 45-day segment o f  
data was bandpass filtered to reveal oscillations with periods between 1.5-2.5 days
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(Figure 5.8). The segment chosen was 31st M ay-15th July, 2002. This corresponds to 
the amplitude maximum observed in the zonal and meridional amplitudes. Three 
distinct bursts o f  activity are observed this interval, each burst lasting between 4-10 days 
(2-5 cycles).
The am plitude o f the wave in the first burst (day 245-255) increases with increasing 
height from less than 15m s'1 at 81 km to over 40 ms ' 1 at 97 km. The period o f  the quasi- 
two day wave at this time is ~  47 hours (1.96 days). The downward phase progression 
o f  the wave observed in this interval indicates an upward energy propagation, and the 
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Figure 5.8. Bandpass filtered meridional winds observed over Ascension  
Island in the interval May 3 1st-July 15th. Bandpass filter set to pass periods 
between 1.5 -  2.5 days.
The am plitude o f the wave in the second burst (day 262-265) increases with increasing 
height below 87.5 km, but above this height the amplitude o f  the wave is relatively 
constant at ~  20 m s '1. The period o f the quasi-two-day wave at this time is ~  38 hours 
(1.6 days). The downward phase progression o f the wave observed in this interval again
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indicates upward energy propagation, and the vertical wavelength here is found to be 56 
± 3 km.
The wave amplitude in the third burst (day 270-280) reaches a maximum (-3 0  m s'1) at a 
height o f -  93 km. The period o f the quasi-two-day wave in this burst is -  45 hours 
(1.88 days). The downward phase progression o f  the wave observed in this interval 
again indicates upward energy propagation, and the vertical wavelength here is found to 
be 35 ± 2 km.
In this interval, the quasi-two-day wave may therefore be interpreted as a series o f 
oscillations with periods between 1.6-2 days, each different wave having differing 
propagation characteristics.
The short-lived bursts o f  enhanced activity evident in the winds shown in Figures 5.5, 
5.6 and 5.8 have several possible explanations, these are:
1. Non-linear coupling o f the quasi-two day wave to a longer period planetary 
wave. The non-linear coupling o f tides and planetary waves has been 
invoked to explain the periodic variability observed in tidal amplitudes (e.g. 
Mitchell et al., 1996; Pancheva et al., 2002). This amplitude modulation is 
caused by the tide ‘beating’ with the secondary waves generated by the non­
linear interaction with a planetary wave, thus causing the amplitude o f the 
tide to vary at the same period as the interacting planetary wave. A similar 
amplitude modulation could therefore be produced if  the quasi-two day 
wave interacts with a longer period planetary wave. This mechanism has 
the advantage o f also explaining the many different modes o f the quasi-two 
day wave. For example, the 48-hour period, zonal wavenumber 3 Rossby- 
wave mode interacting with the 16-day period, zonal wavenumber 1 
Rossby-wave will produce a sum secondary wave with a period o f -4 2 - 
hours and a zonal wavenumber o f 4, and a difference secondary wave with a 
period o f -5  5-hours and zonal wavenumber o f 2.
2. Changes in the propagation environment (refractive index). Originally 
proposed to explain the seasonal behaviour o f the 12-hour tide at high 
latitudes (Riggin et al., 2003), this mechanism could produce a short-term 
enhancement o f the quasi-two day wave. It has been shown (Riggin et al.,
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2003) that shears in the zonal mean wind and temperature gradients can 
refract wave energy into the horizontal wind components. This would be 
accompanied by a significant shortening in the vertical scale o f the wave.
3. Natural variability o f the source mechanism. The simplest mechanism to 
explain the variability o f any wave is a variability o f the wave source. One 
o f the possible sources o f the quasi-two day wave is 
baroclinically/barotropically unstable regions in lower levels o f  the 
atmosphere, e.g. the summer mesospheric je t (Plumb, 1983; Pfister, 1985; 
Norton and Thubum, 1996). The formation o f such regions depends upon 
temperature gradients and wind shears. Such shears and gradients are 
highly variable, therefore the forcing o f  the quasi-two-day wave is also 
variable. Using the UGAMP GCM, waves with periods close to 48-hours 
and zonal wavenumbers 3 and 4 have been generated using this instability 
mechanism. The seasonal behaviour o f  the waves generated by the 
UGAMP model also follow the behaviour observed over Ascension Island 
and in other studies o f the quasi-two-day wave (e.g. Kovalam et al., 1999; 
Gurubaran et al., 2001).
The burst-like nature o f the quasi-two-day wave can therefore be explained by either 
non-linear coupling o f the quasi-two-day wave with a longer period planetary wave, 
changes in the propagation environment, or by the natural variability o f the source 
mechanism. In fact, the variability o f the quasi-two-day wave may well be due to a 
combination o f all o f these mechanisms.
5.3.I.4. Comparison with other Studies
Finally, we will compare the observations o f the quasi-two-day wave over Ascension 
Island to observations made at other low-latitude sites. Kovalam et al. (1999) used MF 
radars located at Pontianak (0°N, 109°E) and Christmas Island (2°N, 157°W) to observe 
the planetary- wave field in the equatorial MLT-region. Considerable quasi-two-day 
wave activity was observed over both radar sites. This activity was strongest in the 
meridional component. Over Christmas Island the largest amplitudes o f  the quasi-two- 
day wave were observed in January-February and July-October -  a rather similar pattern 
o f behaviour to that observed over Ascension Island. However, over Pontianak,
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considerable quasi-two-day wave activity was observed throughout the year, with 
maximum amplitudes observed in May. The study o f Kovalam et al. (1999) also 
observed, over both Christmas Island and Pontianak, the episodic behaviour that 
characterises the quasi-two-day wave over Ascension Island. The individual bursts 
observed over Christmas Island and Pontianak are often well defined in frequency and 
occur at periods between 1.5-2.5 days. This spread o f periods is similar to that observed 
over Ascension Island.
Gurubaran et a l (2001) observed the quasi-two-day wave using an MF radar located at 
Tirunelveli (8.7°N, 77.8°E), during January 1995 to N ovem berl996. In the meridional 
component, intense bursts o f wave activity were observed in January-March and June- 
July. In the zonal component, maximum activity was observed in M arch and August -  
this seasonal pattern o f  behaviour is consistent with the results presented here. The 
study o f Gurubaran et al. demonstrated that the quasi-two-day wave exhibits 
considerable interannual variability. This variability is observed as differences in the 
amplitude and seasonal activity o f the quasi-two-day waves observed in 1995 and 1996. 
The amplitude o f the quasi-two-day waves in 1995 were larger than in 1996. Also the 
quasi-two-day waves in 1995 were more active throughout the year than in 1996.
However, the study o f  Gurubaran et al. (2001) does not reveal the very broad range o f 
frequencies that characterises the quasi-two-day wave observed over Ascension Island 
in 2002. In the study o f Gurubaran et al. the quasi-two-day wave is only observed at 
periods o f 2 and 2.4 days, while over Ascension Island periods between 1.6 — 2.4 days 
are observed. This may be explained by the physical separation o f the two sites 
(Ascension Island and Tirvunelveli) or by the interannual variability discussed by 
Gurubaran et al. (2001).
Gurubaran et al. (2001) also calculated the vertical wavelengths o f the quasi-two-day 
wave over Tirunelveli to be in the range 35-70 km. This is slightly longer than the 
vertical wavelengths observed over Ascension Island (20-50 km). This difference is 
possibly due to interannual variability, as over Christmas Island, Harris and Vincent 
(1993) observed vertical wavelengths o f ~70 km, while Palo and Avery (1995) observed 
vertical wavelengths o f  36-44 km at the same location, but at a different time. It is 
interesting to note that the longer vertical wavelengths are observed by MF radar 
systems while the shorter vertical wavelengths are observed by M eteor systems. This
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could be a caused by an inter-instrument bias. However, the mechanism that would 
cause such a bias is unclear and the apparent bias is probably coincidental.
An interesting issue when comparing MF and meteor radar measurements is the inter­
instrumental bias. It appears that at heights above 85 km MF radars observe 
significantly smaller winds and tides. The reason for this deficit is unknown. In the 
study o f Gurubaran et al. (2001) large amplitude waves maximise at heights between 
84-90 km, at all other times wave amplitudes are invariant or decrease with increasing 
height. This behaviour is different to that observed in this study. Over Ascension Island 
wave amplitudes frequently maximise at heights between 90-95 km. This could be the 
inter-instrumental bias or the effect o f the different propagation environment over 
Christmas Island and Ascension Island.
Pancheva et al. (2004) studied the quasi-two day wave using a network o f  Northern 
Hemisphere radars during Northern summer 1999 as part o f the PSMOS campaign. 
This study revealed that the quasi-two day wave contained several wave modes with 
periods and zonal wavenumbers o f 42-43 hours (s = -4), 48-50 hours (s = -3), 51 hours 
(s = -3), 53-56 hours (s = -2), 60-61 hours (s = -2) and 67.5 hours (s = -3). The large 
range o f frequencies observed by Pancheva et al. (2004) agrees with the spectra 
presented earlier (Figure 5.5).
The latitudinal behaviour o f the quasi-two-day wave is summarised in table 5.2. 
Generally, the period o f the quasi-two-day wave observed at the equator is similar to 
that observed in the Northern Hemisphere (40-55 hours). Long vertical wavelengths are 
observed in the Northern and Southern Hemispheres (60+ km), while comparatively 
short vertical wavelengths are observed in the equatorial regions (20-70 km). The mean 
amplitude o f the wave is largest in the Southern Hemisphere (a factor o f ~2 larger than 
the mean amplitudes observed in the equatorial regions and the Northern Hemisphere). 
Note that, bursts o f wave activity observed over Ascension Island occasionally reach 
amplitudes greater than 100 m s'1. The quasi-two-day wave maximises at ~ 90 km in the 
Northern Hemisphere, in the equatorial regions and the Southern Hemisphere the height 
o f  the maxima is more variable, and depends on local background conditions. In the 
Northern and Southern Hemispheres the wave displays a distinct maximum in activity in 
the summer months. However in the equatorial regions the wave is observed throughout
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the year. This reflects contributions to the equatorial wave-field from both the Southern 
and Northern Hemispheres.
In summary, wave activity in the 36-60 hour (1.5-2.5 days) period band is found to be 
almost entirely attributable to the quasi-two-day wave. Bursts o f activity are present 
throughout the interval observed, however the strongest activity is observed in the 
summer (December 2001-January 2002) with a secondary maximum in winter (June- 
July, 2002). Each individual burst o f activity has a clearly defined period, amplitude 
and vertical wavelength. This results in a broad spectral response at periods between 







Period (Hours) 40-55 40-55 48
Vertical 
Wavelength (km)













Distinct maxima in 






M axima in summer 
months
Table 5.2. Summary o f  the behaviour o f  the quasi-two-day w ave in the 
Northern H em isphere, Equatorial regions and the Southern Hemisphere.
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5.3.2. W aves o f Period Near 3 -Day
A prominent feature o f the equatorial planetary-wave field in the 3-5 day period band is 
a wave with a period o f ~ 3 days. This wave is a commonly observed feature o f the 
equatorial M LT region. Wave activity at this period is intermittent throughout the year 
with maximum amplitudes observed in July-August (e.g. Kascheyev, 1987; Vincent, 
1993, Riggin et al., 1997). Riggin et al. used radars at Jakarta and Christmas Island to 
study the behaviour o f this 3-day wave and interpreted the wave as the signature o f  an 
ultra-fast Kelvin wave with a period o f 3.2 days and zonal wavenumber 1. Further 
evidence that this 3-day wave is in fact a Kelvin wave was presented by Lieberman and 
Riggin (1997). In this latter study, the meridional structure o f the quasi-3 day wave was 
observed to be an approximate gaussian centred on the equator. The study o f Lieberman 
and Riggin (1997) also explained the observed meridional quasi-3 day wave in terms o f 
Kelvin waves with zonal wavenumbers 2 and 3.
Kelvin waves are equatorially trapped, eastward propagating, planetary scale waves, 
largely forced by latent heat release in convection in the tropical troposphere. Kelvin 
waves are observed in the wind, temperature and pressure fields o f the equatorial region, 
and are a source o f eastward momentum in the middle atmosphere (e.g. Sato and 
Dunkerton, 1997). A critical distinguishing characteristic o f Kelvin waves is that the 
motion is, for a pure Kelvin wave, confined only to the zonal component. There are no 
meridional oscillations and the wave is thus linearly polarized. Kelvin waves generally 
fall into three distinct period bands. The ‘slow’ band contains waves with periods 
between 15-20 days. Such waves were first observed in radiosonde temperature and 
zonal wind measurements in the troposphere/lower stratosphere, and generally cannot 
propagate into the mesosphere. A 6-10 day period band o f ‘fast’ Kelvin waves was 
characterised by the LIMS and UARS missions. These missions also revealed the 
‘ultra-fast’ Kelvin waves with periods around 3-days (e.g. Wallace and Kousky, 1968; 
Salby et al., 1984).
5.3.2.I. Variations with Height and Season
The Ascension Island data were examined to see if  they contain evidence o f Kelvin 
waves with periods near 3 days. Figure 5.9a,b shows the time-height distribution o f the 
variance in the 2.5-3.75 day period band observed over Ascension Island in the interval
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October 2001-O ctober 2002 at heights between 80-100 km. This period band was 
selected as corresponding to the anticipated period range o f ultra fast Kelvin waves. The 
variance o f the period band is a measure o f the energy within that period band and hence 
o f  wave activity.
Considering the zonal component (Figure 5.9a) it can be seen that in general the 
variance increases with increasing height. Sporadic activity is observed throughout the 
year. The higher resolution results shown in Figure 5.3 reveal that each episode o f  
enhanced activity lasts between -20-30  days.
The variance in the meridional com ponent (Figure 5.9b) generally increases with 
increasing height, corresponding to wave am plitudes that increase with height. The 
variance often reaches a maximum value at heights between 85-95 km and then 
decreases at greater heights (Decem ber 2001, January 2002, April 2002 and August 
2002). The variance has significant values throughout the year; activity is strongly 
episodic. The higher resolution results shown in Figure 5.3 reveal that each episode o f 
enhanced activity lasting between -10 -20  days. M aximum activity is observed in July 
2002 (winter) with a secondary maximum in Decem ber 2001-February 2002 (summer).
a) 2.5 -3.75 DAY VARIANCE -ZONAL
2.5 - 3.75 DAY VARIANCE - MERIDIONAL
Figure 5.9. Time-height contours o f  the one-month variance o f  the 2.5-3.75  
day period band observed over Ascension Island in the period October 
2001-O ctober 2002 in a) the zonal component and b) the meridional 
component.
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5.3.2.2. V ariations in Frequency
The variance analysis shown above does not contain any information about the period o f 
the waves present in the observations. To investigate the frequency behaviour o f the 3- 
day waves a running Lomb-Scargle periodogram o f  the zonal and meridional winds was 
calculated using a 18-day sliding window. Figure 5.10a,b shows the results o f  this 
periodogram in the 2.5-4 day period band in the interval October 2001-O ctober 2002, at 
a height o f  90.4 km.
In the zonal component, maximum wave activity is observed in Novem ber 2001 (spring) 
at a period o f 3.5 days, smaller bursts o f  activity are observed in May 2002 and late 
July-early August, 2002, at periods o f 3.2 and 3 days respectively. The amplitudes o f  
the observed bursts are between -10-20  m s'1. In the meridional component, the 3-day 
wave over Ascension Island has a narrow frequency range, i.e. the wave only has one 
mode with a period between 2.9 days (-70  hours) to 3.1 days (~74 hours) with an 
average period o f 2.910.3 days. The amplitudes o f  the observed bursts are between -1 0 -
MERIDIONAL









M A M  
MONTH
Figure 5.10. 18-day running Lomb-Scargle periodogram o f  winds at a 
height o f  90.4 km observed over Ascension Island, for the interval October 
2001-October 2002, in a) the meridional component and b) the zonal 
component.
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In summary, the 2.5-3.75-day period band contains intervals o f strong wave activity in 
the zonal component, with correspondingly weak activity in the meridional component. 
This is indicative o f ultra-fast Kelvin waves. Throughout the period observed intervals 
o f  strong wave activity are also observed in the meridional component. The strength 
and persistence o f the wave activity observed is surprising.
As noted previously, at periods near three days there are significant wave amplitudes 
observed in the meridional component. The strength and persistence o f the wave 
activity observed in the meridional component is surprising. I f  all o f  the activity in the
2.5-3.75 day period band was due to Kelvin waves then there should be no meridional 
component to the wave-field. This equipartition o f energy and the persistence o f a 
meridional signal leads us to the conclusion that Kelvin waves may only be a minor 
contributor to the equatorial wave-field at periods around three days.
One possibility to explain the equipartition o f energy is the presence o f long-period 
inertia-gravity waves. The upper period limit o f inertia-gravity waves is determined by 
the inertial frequency, which in turn depends on latitude. Over Ascension Island (8°S) 
the upper period limit for inertia-gravity waves is 3.6 days. Inertia-gravity waves are 
elliptically polarised in the horizontal plane and hence could explain the strong 
meridional wave activity at periods less than 3.6 days. Due to the low frequency o f 
inertia-gravity waves the Coriolis force is an important factor when determining the 
characteristics o f the wave. One consequence o f this is the reduction o f the vertical 
wavelengths o f low-frequency inertia-gravity waves.
Therefore it is possible that the wave-field at periods near three days is a superposition 
o f  inertia-gravity waves and Kelvin waves.
5.3.2.3. Kelvin W aves over Ascension Island
To further investigate the behaviour o f the three-day wave a 45-day segment o f data was 
bandpass filtered to reveal oscillations with periods between 2.5-3.75 days (Figure 5.11). 
The segment chosen was July 2nd -  August 16th, 2002. This interval was chosen, as it 
not only contains episodes where the zonal component o f oscillation dominates the 
meridional component, but at times the meridional component o f oscillation dominates 
the zonal component. In the first instance, the dominance o f the zonal component is
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highly suggestive o f Kelvin wave activity. The dom inance o f the meridional com ponent 
m ay indicate the presence o f Inertia-gravity waves.
Considering Figure 5.11, a burst o f  wave activity is observed in this interval lasting 
approxim ately 10 days (3 cycles). In this interval the am plitude o f  the 3-day wave in the 
zonal winds is greater than in the meridional winds, and increases steadily with height. 
The average wave period in this interval is ~  3.2 days. The downward phase 
progression o f the wave in this interval indicates upward energy propagation. The 
vertical wavelength is calculated to be 48 ± 4 km.
z = 93.4 
z = 90.4 
z = 87.5 
z = 84.5 
z = 81.0
280 290 300 310
TIME (Days)
Figure 5.11. Bandpassed winds in the zonal component between day 2 7 0 -  
315 (July 2nd-A ugust 16th) for the period 2 .5 -3 .75  days, for heights between 
8 0-100  km. Green dashed lines mark successive phase fronts.
A least squares harmonic analysis o f  the wave burst was used to generate the height 
profiles o f  wave amplitude and phase in both components assuming a period o f 3.2- 
days. The results o f  this analysis are shown in Figures 5.12a,b.
Figure 5.12a,b shows the amplitude and phase profiles o f  the 3.2-day wave in the 20-day 
interval day 290-310 (July 22nd-A ugust 11th, 2002). The amplitude o f this wave is 
constant with height in the meridional component, and increases with increasing height 
in the zonal component. The phase o f the 3.2-day wave decreases with increasing 
height, at a rate corresponding to a vertical wavelength o f 34 ± 11 km in the meridional 
component, and 47 ± 4 km in the zonal component. The non-zero meridional 
com ponent is possibly due to the presence o f Inertia-gravity waves or mixed Rossby-
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gravity waves (Lieberman and Riggin, 1997). Experimental evidence for a small 
m eridional Kelvin wave component in the stratosphere has also been presented (Kousky 




























Figure 5.12. Vertical profiles o f  Amplitude and Phase o f  the 3.2-day wave 
in the intervals 2nd July-16th August, 2002. The amplitude profile is shown 
in Figure a, and the phase profile in Figure b.
The Kelvin wave dispersion relation provides a method o f determining the zonal 
wavelength, A,x, and hence the zonal wavenum ber o f Kelvin waves, without the need o f 
several longitudinally-spaced radar sites. Using the Kelvin wave dispersion relation 
(equation 1.19) and assuming a zonal mean wind that does not vary with latitude, then:
/L =  C T  = T f ' O
_
+  U (5.2)
Where, A,x is zonal wavelength, cx is zonal phase speed, x wave period, Xz vertical 
wavelength, Tb period o f the Brunt-Vaisala frequency and u zonal mean zonal wind.
It can be seen from equation 5.2 that variations in the zonal mean zonal winds (u) over 
the year will affect the propagation o f  ultra-fast Kelvin waves. Hence, the vertical 
wavelength corresponding to a zonal wavenum ber 1 wave changes throughout the year. 
The zonal mean winds observed over Ascension Island (see Figure 4.1) averaged over 
the 80-100 km height range were used to calculate the vertical wavelength o f zonal 
wavenum ber 1 and 2 Kelvin waves. It was assumed that the zonal mean winds did not 
change with longitude. In the interval February-April very strong zonal winds are 
observed. In these conditions vertical wavelengths o f  ~60 km represent kelvin waves
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with a zonal wavelength o f -39,700 km (i.e. zonal wavenumber 1). However, at all 
other times |u| is <20 m s'1. In these conditions vertical wavelengths o f -45-50  km 
represent kelvin waves with a zonal wavelength o f  -39,700 km (i.e. zonal wavenumber 
1).
In the late winter period used in the above case study vertical wavelengths o f 48±4 km 
are observed. This is strongly suggestive o f a zonal wavenumber 1 ultra-fast Kelvin 
wave.
This analysis is extended in Figure 5.13. Figure 5.13a presents the vertical wavelength 
o f  the observed waves in the zonal component. The vertical wavelength was determined 
by fitting a straight line to the phase fronts evident in the bandpassed data. Oscillations 
with negligible amplitudes or irregular phase-fronts were not used in the analysis. The 
red dotted line denotes vertical wavelengths corresponding to zonal wavenumber 1 
Kelvin waves; the blue line corresponds to wavenumber 2 Kelvin waves. Figure 5.13b 
presents a histogram o f the vertical wavelengths o f the observed zonal wave activity. 
Clearly seen are two peaks in the distribution. These peaks correspond to the vertical 
wavelengths expected for zonal wavenumber 1 and zonal wavenumber 2 Kelvin waves. 
This data leads us to the conclusion that in the intervals; November-December and July- 
August zonal wavenumber 1 Kelvin waves are present. This result is supported by the 
large wave activity observed in the zonal component in these months. At other times 
(e.g. May-June) this data supports a wavenumber 2 interpretation.
A similar conclusion was presented by Riggin et al. (1997), where zonal wavenumber 1 
behaviour was observed in August-September, and wavenumber 2 behaviour observed 
throughout the rest o f the year.
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a) b)
MONTH FREQUENCY
Figure 5.13. a) The seasonal behaviour o f  the vertical wavelength o f  zonal 
wave activity observed over Ascension Island in the interval October 2001 - 
October 2002. b) The vertical wavelength distribution observed over 
Ascension Island in the interval October 2001-October 2002.
5.3.2.4. Inertia-G ravity  W aves O ver Ascension Island
Observations in the near-equatorial stratosphere show that gravity-waves with short 
vertical wavelengths (3-5 km) and periods o f 1-3 days dom inate the wind-field (e.g. Sato 
et al., 1994; Eckermann et al., 1995). At wave frequencies greater than the inertial 
frequency the gravity wave spectrum displays a -5/3-power law behaviour (this is the so- 
called universal spectrum o f gravity waves (T.E. VanZandt, 1982). This means that the 
gravity-wave field is dominated by low-frequency inertia-gravity waves. Figure 5.14a 
shows the spectra o f  meridional winds observed over Ascension Island in the interval 
October 2001-October 2002. Figure 5.14b shows the spectra o f  meridional winds 
observed over Esrange in the interval January-February 2000. This power-law 
behaviour is evident in Figures 5.14a,b.
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Figure 5.14. Spectra o f  meridional winds observed over a) Ascension Island 
and b) Esrange. Note, the red line denotes the -5 /3  gravity wave gradient.
The spectrum o f Ascension Island meridional winds presented in Figure 5.14a displays 
an approxim ate -5 /3  power law at frequencies greater than the inertial frequency4. This 
is interpreted as the universal gravity-wave spectrum. To check this interpretation, the 
sam e spectral analysis was applied to data from a meteor radar in Esrange, Northern 
Sweden. Esrange is at a much higher latitude than Ascension Island, hence the inertial 
frequency at Esrange is higher than at Ascension Island. Therefore, if the power-law 
behaviour is caused by the universal gravity-wave spectrum then at Esrange the power- 
law behaviour should stop at the higher inertial frequency. Figure 5.14b shows that the 
power-law behaviour is indeed the universal gravity-wave spectrum.
Classical tidal theory predicts a type o f  equatorially-trapped inertia-gravity wave. The 
small vertical wavelengths observed in the lower stratosphere indicate that the inertia- 
gravity waves observed there are probably not equatorially trapped. However, Sato and 
Dunkerton (1997) speculated that equatorial ly-trapped inertia-gravity waves are more 
important at greater heights. Ogino et al. (1995) presented evidence that Kelvin waves 
and inertia-gravity waves coexist in the equatorial stratosphere and distinguished 
between them on the basis o f  the linear polarisation and longer vertical wavelengths o f 
Kelvin waves. A similar approach will be adopted here.
4 The inertial frequency is the boundary at which the restoring force due to gravity is zero for an air parcel carried by an 
inertia-gravity wave, i.e. the air parcel motion is horizontal and is a balance between the centrifugal and Coriolis forces. 
In this state an air parcel describes a series o f  loops called inertial circles. The inertial frequency,/ ( =  2Qsin(|), where Q  is 
the angular velocity o f  the F.arth’s rotation and 4> is latitude), depends on latitude, and is the frequency with which an air 
parcel describes one inertial loop.
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To further investigate the behaviour o f the three-day wave two 45-day segments o f data 
corresponding to heights o f 90 km and 97 km were bandpass filtered to reveal 
oscillations with periods between 2.5-3.75 days (Figure 5.15a-d). The segments chosen 
were May 23rd-Ju n e  17th, 2001 and July 22nd-A ugust 16th, 2002. The first interval 
(Figure 5.15a,b) corresponds to an event where the meridional wave activity was much 
stronger than the zonal activity. The second interval (Figure 5.15c,d) corresponds to a 
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Figure 5.15. Bandpasses o f  the zonal and meridional winds, observed over 
Ascension Island, revealing oscillations with periods between 2.5-3.75 days. 
Observed at heights o f  a) May 23rd-June 17th, 97 km; b) May 23rd-June 17th, 
90 km; c) July 22nd-August 16th, 97 km; d) July 22nd - August 16th, 90 km.
Considering Figures 5.15a,b, in general in this interval the zonal and meridional 
com ponents have approximately equal amplitudes. Around day 235 a phase coherent 
structure o f  period 3 days is seen at 90 km and at 97 km, lasting for approximately 10 
days. The amplitude o f this structure increases slightly in the meridional com ponent and 
decreases slightly in the zonal component with increasing height. An analysis o f the 
phase gradients o f  this wave structure (not shown) reveals the vertical wavelength to be 
13 ± 4 km. The short vertical wavelength, phase coherence between the zonal and
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meridional components and the approximately equal amplitude in the zonal and 
meridional components is strongly suggestive o f an inertia-gravity wave.
N ow  considering Figures 5.15c,d, in general in this interval the zonal and meridional 
components have approximately equal amplitudes, however, around day 300 (days 290- 
315) the amplitude o f waves the zonal component increase with height, and at 97 km 
dominates the meridional component. This is strongly suggestive o f the presence o f  a 
Kelvin wave.
In summary, it appears that waves with periods near three days observed over Ascension 
Island consist o f  both ultra-fast Kelvin waves and inertia-gravity waves. Kelvin wave 
activity is sporadic, each episode o f activity lasting -10-20  days. The distribution o f 
variance between the zonal and meridional components suggests that Kelvin waves are 
in fact a minor component o f the equatorial wave-field at these periods.
5.3.2.5. Comparison to Other Studies
In the study o f Riggin et al. (1997) the seasonal behaviour o f the 3-day Kelvin wave was 
investigated over Jakarta (6°S, 107°E) and Christmas Island (2°N, 157°W) in the 
interval January-October 1993. Above Jakarta (6°S, 107°E) the wave was present 
throughout the year and displayed episodes o f vigorous activity lasting approximately 20 
days. A definite seasonal cycle in both the meridional and zonal amplitudes was 
observed. A distinct maximum in wave amplitudes reached its peak in July and August 
and an extended maximum was evident above about 98 km throughout September. 
Maximum amplitudes are observed at heights o f -95-105 km. In both wind components 
at heights below 90 km the amplitude o f the wave was generally below -1 2  m s'1; above 
this height the wave was both more variable and reaches significantly larger amplitudes, 
particularly at heights above 90 km in July and August.
The seasonal cycle observed by Riggin et al. (1997), is observed in the meridional but 
not the zonal winds over Ascension Island. The bursts o f activity observed by Riggin et 
al. are also seen over Ascension Island. The height o f the amplitude maxima observed 
over Jakarta is -1 0  km higher than that observed over Ascension Island, even though the 
background zonal wind was similar over each site. The average vertical wavelength 
observed over Jakarta in the nine-month period January-September (1993) was 116 km.
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This is much longer than the wavelengths presented here (-20-70 km). This difference 
is probably due to interannual variability.
Over Christmas Island (2°N, 157°W) the wave was also present throughout the year and 
displayed episodes o f vigorous activity lasting approximately 20 days. A definite 
seasonal cycle in both the meridional and zonal amplitudes was observed. A distinct 
maximum in wave amplitudes reached its peak in July and August and a secondary 
maximum was evident in January and February. In both wind components at heights 
below 86 km the amplitude o f the wave was generally below - 8  ms"1; above this height 
the wave was both more variable and reaches significantly larger amplitudes, 
particularly at heights around 88 km in July and August.
Again the seasonal cycle observed by Riggin et al. (1997), is observed in the meridional 
but not the zonal winds over Ascension Island. The bursts o f activity observed by 
Riggin et al. are also seen over Ascension Island. The height o f the amplitude maxima 
observed over Christmas Island is -9 0  km similar to that observed over Ascension 
Island. It should be noted that the background zonal wind was similar over each site. 
Measurements were taken with a MF radar at Christmas Island, therefore the decrease o f 
wave amplitude at heights greater than -9 0  km may be attributed to the performance o f 
MF radars at these heights. However, the amplitude-height profiles over Christmas 
Island (MF radar) are similar to those taken at Ascension Island (meteor radar) 
indicating that the amplitude decrease could be real. The average vertical wavelength 
observed over Christmas Island in the nine-month period January-September (1993) was 
87 km. This is longer than the wavelengths presented here (-20-70 km). This 
difference is probably due to interannual variability.
In the study o f Tsuda et al. (2002) the seasonal behaviour o f ultra-fast Kelvin waves 
with periods between 3-3.8 days was investigated over Jakarta (6°S, 107°E), Pontianak 
(0°N, 109°E) and Christmas Island (2°N, 157°W) in the interval November 1992 to 
June, 1998. Over Jakarta the waves were present throughout the year and generally 
wave activity increased with increasing height. A definite seasonal cycle in zonal 
amplitudes was observed. A distinct semi-annual variation in wave amplitudes was 
observed, maximising in the summer and winter months at all heights above 82 km. 
Over Pontianak and Christmas Island the seasonal behaviour o f ultra-fast Kelvin waves 
were similar. Waves were present throughout the year and the semi-annual variation in
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wave amplitudes observed over Jakarta was also evident. Interestingly, in 1996-1997 
Ultra-fast Kelvin wave activity decreased to around 50% o f that observed in 1993-1996, 
suggesting large interannual variability in the amplitude o f the ultra-fast Kelvin wave- 
field.
The semi-annual seasonal cycle observed by Tsuda et al. (2002), is observed in the 
meridional but not the zonal winds over Ascension Island. The bursts o f activity 
observed by Tsuda et al. are also seen over Ascension Island. The height o f the 
amplitude maxima observed over Jakarta and Christmas Island (MF radars) is ~90 km 
similar to that observed over Ascension Island. Over Pontianak the height o f maximum 
activity is above ~95 km. The variance o f the Kelvin waves observed over Ascension 
Island is larger than the variance observed over Jakarta, Pontianak and Christmas Island 
by a factor o f ~2. This may reflect the larger period band observed over Ascension 
Island. In Tsuda et al. the 3.0-3.8-day period band was analysed, while in this study the
2.5-3.75-day period band was analysed. The universal gravity wave spectrum is 
significant at these periods and would provide a larger additional component to the 
wider period band.
In comparison, the 3-day waves observed over Ascension Island have amplitude 
m axima in (Southern Hemisphere) late spring, 2001 and winter, 2002. This semi-annual 
variation in wave amplitude has also been observed at Jakarta, Christmas Island and 
Pontianak, and generally maximises in the westward phase o f  the MSAO. This seasonal 
behaviour is indicative o f an eastward propagating wave after filtering by the eastward 
winds o f the MSAO.
The distribution o f variance between the zonal and meridional components observed 
over Ascension Island suggests that Kelvin waves are not the only, or even major 
elements o f the equatorial wave-field at periods near three days in the interval October 
2001-October 2002.
5.3.3. The 16-day wave
The 16-day wave is usually identified as the (1,3) second symmetric, westward 
propagating, wavenumber one normal Rossby mode (Forbes et al., 1995). At mid and 
high latitudes the activity o f this wave maximises in winter, as the strong westward
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stratospheric je t suppresses vertical propagation in the sum m er -  although we should 
note that some observations report a weak secondary maximum in the late sum m er M LT 
(Espy et al., 1997; Mitchell et al., 1999; Luo et al., 2002).
5.3.3.1. V ariations in Height and Time
Figure 5.16a,b shows the time-height distribution variance in the 14-18.7 day period 
band observed over Ascension Island in the period October 2001-O ctober 2002 at 
heights between 80-100 km calculated with a 64-day sliding window.
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Figure 5.16. Time-height contours o f  the variance o f  the 14-18.7 day period 
band observed over Ascension Island in the period October 2001 -  October 
2002 calculated using a 64-day sliding window in a) the zonal component 
and b) the meridional component.
Considering Figures 5.16a,b, it is seen that there is generally similar seasonal behaviour 
between the zonal and meridional components. Largest variances occur in June 2002 - 
A ugust 2002 (winter), with a weaker, secondary maximum in N ovem ber 2001 -  January 
2002 (summer). Also, the winter maximum peaks at heights o f  -9 0  km, the sum m er 
m aximum generally increases with increasing height to the upper heights observed 
(although note the local maximum in variance near 80 km in the zonal component in 
January-February). Note that, the temporal resolution o f Figure 5.16 is poor and may 
m ask shorter bursts o f  activity.
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5.3.3.2. V ariations in Frequency
Figure 5.17a,b shows the 64-day running Lomb-Scargle periodogram o f  the meridional 
and zonal winds in the 14-19 day period band observed over Ascension Island in the 





Figure 5.17. 64-day running Lomb-Scargle periodogram o f  winds at a 
height o f  90.4 km observed over Ascension Island, for the interval October 
2001-October 2002, in a) the meridional component and b) the zonal 
component.
In the meridional component, the spectra show weak wave activity throughout the year; 
activity is episodic and generally last ~30 days. M aximum wave activity is observed in 
N ovem ber 2001 (spring), similar bursts o f  enhanced activity are observed in March 
2002 and July 2002 at a range o f periods between 14-18 days.
In the zonal component similar episodes o f enhanced wave activity are observed 
throughout the observation interval; each episode o f  enhanced activity lasting between 
20-50 days. M aximum activity is observed in July-August, 2002, (winter) with a 
secondary maximum observed in November, 2001 (spring).
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The ratio o f the meridional and zonal components is highly variable throughout the year, 
indicating a variable polarisation o f waves in this period band.
5.3.3.3. The Vertical W avelength and the Effect o f the Background W inds
The Chamey-Drazin criterion (equation 1.17) states that if  the background wind is more 
westward than the phase speed o f a Rossby wave then the Rossby wave is evanescent 
and does not propagate upwards i.e. the wave has an infinite vertical wavelength. The 
low phase speed o f the 16-day wave (-28  m s'1 at 8°S) provides a simple test o f  this 
criterion. The vertical wavelengths o f the wave at times o f large amplitude (identified 
from Figures 5.16 and 5.17) were calculated from the vertical phase profiles o f each 
burst o f  wave activity using a least squares fitting technique. Intervals with irregular 
vertical phase profiles were eliminated from the analysis. Figure 5.18 shows the vertical 
wavelength o f  the 16-day wave and the zonal mean wind observed over Ascension 
Island at a height o f 81 km in the interval October 2001-October 2002. Also shown is 
the phase speed o f a 16-day wave with zonal wavenumber one. It can be seen that the 
vertical wavelength o f the 16-day wave is large when the zonal mean wind is less than -  
-2 8  m s'1 (the phase speed o f a 16-day period, zonal wavenumber one Rossby wave at 
8°S). Large vertical wavelengths are indicative o f  evanescent behaviour (i.e. the wave 
is not propagating vertically). This neatly illustrates the Chamey-Drazin criterion and 
the effect o f the background winds on low phase speed waves.
In conclusion, the 16-day wave is highly episodic throughout the interval observed with 
maximum activity observed in the winter and summer months. Each episode observed 
is independent in period, resulting in a range o f observed periods. Finally the wave is 
strongly affected by the background mean winds due to the low phase speed o f the 
wave.














 ZONAL MEAN WIND —O— VERTICAL WAVELENGTH
Figure 5.18. The vertical wavelength (green line) and the zonal mean wind 
at a height o f  81 km (blue line). Red dotted line denotes the phase speed o f  
a zonal wavenumber one, 16-day period Rossby wave.
5.3.3.4. Com parison with O ther Studies
In the study o f Luo et al. (2002) the seasonal behaviour o f  the 16-day wave was 
investigated over Five sites including Christmas Island (2°N, 157°W) in the interval 
January 1993-December 1994.
Considering the zonal component, over Christmas Island (2°N, 157°W) the wave was 
present throughout the year. M aximum wave amplitudes were reached in September 
(~12 m s 1), and throughout the year maximum amplitudes are observed at heights o f 
-8 5 -9 0  km. Over Ascension Island the 16-day wave m aximises in the summer and 
w inter seasons. This differs from the observations presented by Luo et al. The height 
o f  the amplitude maxima observed over Christmas Island is constant throughout the year 
(—85-90 km). This differs from the Ascension Island results (shown in Figure 5.16), 
where the height o f maximum wave amplitude is -9 5  + km in the sum m er and -9 0  km 
in the winter months observed.
Considering the meridional component, over Christmas Island (2°N, 157°W) the wave 
was present in the winter with a secondary maximum in the sum m er months. Maximum 
wave amplitudes were reached in January (-1 2  m s '1), and throughout the year maximum
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amplitudes are observed at heights o f -9 0 +  km. Over Ascension Island the 16-day wave 
maximises in summer, 2001/2002 and winter 2002 seasons. This is similar to the 
observations presented by Luo et al. The height o f  the amplitude maxima observed over 
Christmas Island is constant throughout the year (-90+  km). This differs from the 
Ascension Island results (shown in Figure 5.16), where the height o f maximum wave 
amplitude is around 95+ km in the summer and around 90 km in the winter. These 
differences are probably due to interannual variability.
Interestingly, the seasonal behaviour o f the 16-day wave is similar to that observed at 
high, Northern latitudes (Mitchell et a l,  1999; Luo et al., 2002). Luo et al. (2002) found 
that the 16-day wave was sensitive to the background zonal winds. This compares to the 
result shown in Figure 5.18 that the 16-day wave is affected by the background winds 
via the Chamey-Drazin criterion.
5.4. Conclusions
The M LT-region over Ascension Island has a rich and diverse planetary-wave field, that 
contains several classes o f equatorially trapped waves. Planetary-wave amplitudes 
generally increase with height, maximise in solstice conditions and have greater 
amplitudes in the zonal component. However in the case o f the Quasi-2-day wave 
amplitudes are greater in the meridional component.
The Quasi-two day wave was observed over Ascension Island, maximum activity was 
found to occur in summer, 2001/2002 and winter 2002, each peak in activity was due to 
the generation o f several secondary wave modes. Possible Kelvin wave activity was 
also investigated, in the 2.5-3.75 day period band. However, study o f the vertical 
wavelength and polarisation o f the waves in this period band revealed that long-period 
Inertia-Gravity waves are the major component o f the wave-field. The 16-day wave was 
also observed. The vertical propagation o f this wave was observed to be modified by 
the background zonal wind, such changes being consistent with the Chamey-Drazin 
criterion.
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Chapter 6
Suggestions for Future Work
6.1. Suggestions for Future Work
The studies reported in this thesis have addressed only a small fraction o f the scientific 
questions posed about the mesosphere and lower thermosphere. Considering the 
scientific themes that are being explored in the field at the moment, the following 
problems are o f growing importance.
6.1.1. Non-Linear W ave-W ave Interactions
The work o f Chapter 3 showed that understanding the role o f  non-linear interactions is 
central in attempts to explain the excitation o f the 8-hour tide. As discussed earlier, the 
8-hour tide has two possible excitation mechanisms. The first is direct thermal 
excitation by solar heating, the second is excitation by a non-linear interaction between 
the 12- and 24-hour tides. Future studies are needed to understand the relative
Ch ap te r  6 - Suggest ions for f u tu r e  Work
importance o f each mechanism. Non-linear interactions are also believed to be 
important in explaining quasi-periodic tidal variability.
6.1.2. Inter-Instrum ent Biases
Increasingly in the ground-based M LT community, networks o f different instruments 
are being used to monitor the atmosphere on a large or even global scale. For instance, 
work such as the successful PSMOS experiment (Pancheva et al., 2002; Manson et al., 
2004; Pancheva et al., 2004) used a network o f M F- and meteor radars to investigate 
global scale tidal structure and variability. However, various comparisons o f winds 
measured by MF radars and other techniques (e.g. meteor radar, incoherent scatter radar, 
M ST radar etc.) reveal that MF radars sometimes observe significantly smaller winds 
and tidal/wave amplitudes. The reason for this deficit is unknown, and represents an 
important problem to be resolved.
6.1.3. Tem perature o f the M LT-Region
Temperature is a fundamental property o f the atmosphere. Yet our ability to measure 
this property via airglow emissions or lidar methods is subject to interruption by cloud 
cover and bright daytime conditions. This leads to ‘patchy’ data sets, especially at high 
latitudes due to the extended daylight hours o f polar summer. However, it has been 
suggested that meteor radars can be used to take continuous measurements o f absolute 
temperature in the MLT-region (e.g., Hocking et al., 1997; Hocking, 1999). If  
validated, this technique would prove to be a useful method o f continually monitoring 
the temperature o f the M LT region. This technique could provide long-term 
temperature measurements crucial in the study o f climate change. Further, the dynamics 
and the temperature structure o f the atmosphere are intimately linked (for instance the 
Dobson-Brewer circulation). A technique able to measure both winds and temperatures 
simultaneously would be o f great benefit (Walterscheid, 1986). The database available 
from the Esrange and Ascension Island radar would provide an excellent foundation to 
investigate this method.
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6.1.4. Inter-Hem ispheric Differences
W ave sources in the lower atmosphere are very dependent on the uneven distribution o f 
land and sea, mountains, convective regions etc. In principle, this produces a 
geographically uneven population o f waves in the mesosphere and lower thermosphere. 
The structure and dynamics o f the M LT region are mainly controlled by wave fluxes 
from below, and therefore inter-hemispheric differences in the structure, dynamics and 
temperature should be expected to result from this anisotropy. However, only a few 
comparisons have been made to date and the results at high latitudes are ambiguous and 
often contradictory (e.g. Huaman and Balsey, 1999; c.f. Lubken et al., 1999). To 
quantify the inter-hemispheric differences a network o f instruments (free from any 
instrument biases) must be used. A meteor radar that is identical to the one at Esrange 
will be installed at the conjugate latitude site o f Rothera in the Antarctic (68°S) in early 
2005. This will be a first step towards such studies.
6.1.5. Non-M igrating Tides
There is a growing interest in the role o f non-migrating tides and the zonal structure o f 
tides in the M LT region. This is due to theoretical studies predicting significant 
amplitudes o f the non-migrating components and the availability o f data from satellites 
and networks o f ground-based instruments. A single ground-based observing station is 
incapable o f distinguishing non-migrating tides from migrating tides and cannot identify 
the zonal wavenumber o f any particular tidal oscillation. However, collaborative 
projects using longitudinal chains o f observing stations are now possible and will prove 
invaluable in the investigation o f non-migrating tides. Such collaborations will also 
provide complementary measurements for satellite missions such as TIMED.
6.1.6. Long-Term Trends in the M LT-Region
The need o f society to understand the mechanisms that govern the environment and how 
human activities have affected the climate has stimulated research into climate change. 
The cause o f any climate change may be anthropogenic or completely natural (London, 
1980). The effect o f the solar cycle on the neutral atmosphere is still relatively 
unknown. However, modelling studies o f anthropogenic effects (i.e. doubling CO2) in 
the atmosphere have progressed quickly. Climate models suggest that doubling the
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amount o f  CO2 in the atmosphere will produce a very pronounced cooling o f  the MLT- 
region (~20 K). Long-term measurements o f the M LT-region can help to identify 
anthropogenic causes for climate change and quantify the natural variability o f the 
atmosphere (Jacobi et al., 1997).
6.1.7. Vertical Coupling in the Atm osphere
As described in Chapter 1 the atmosphere is a strongly coupled system in which 
phenomena occurring in one layer can have profound effects elsewhere. A  complete 
understanding o f the M LT region therefore requires an assessment o f the influences 
from the underlying troposphere and stratosphere and from the overlying middle/upper 
thermosphere and the space environment. The importance o f such coupling is 
recognised in the soon-to-be-initiated CAWSES programme. CAWSES addresses the 
effect o f solar variability on the atmosphere and near earth environment on timescales o f 
minutes to decades. These scientific topics can be investigated by coordinated studies in 
which data from many sources are combined to provide an overarching picture o f the 
atmosphere and ionosphere environment. Specific examples might include the 
combination o f data from the meteor radars described in this thesis with assimilated 
stratospheric data to study planetary waves throughout the stratosphere, mesosphere and 
lower thermosphere.
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Non-Linear Interactions, Bispectral 
Analysis And Spectral Analysis
A.I. Introduction
Non-linear interactions between planetary waves and the tides form one o f  the major 
theories explaining quasi-periodic tidal variability. In this appendix the basics o f  non­
linear wave-wave dynamics will be presented, and the ways o f  observing them 
discussed. The characteristics o f non-linear wave-wave interactions are discussed in 
Section A.2, Section A.3 introduces several techniques o f observing such interactions 
including characterisation o f the secondary waves and bispectral analysis. The use o f 
the cross-spectrum in analysing data is also discussed, in Section A.4.
Appendix  A
A.2. Non-Linear Wave-Wave Interactions
Taking into account the Coriolis force and non-linear terms the following primitive 
equations in log-pressure and spherical coordinates are generated:
du u du v d
+ • +
dt a sin 6 dA a sin O dd
(usm 0) + (o —  + 2Qcos0v + — }— —  = 0 (A .l)
dz a  s in #  dA
^  + ^ _ ^  + l ^ . ^ cotd  + 0)^ _ 2 n c o s e u  + i ^  = 0 (A.2)
dt a sin 0 dA a dO a dz a d d
d_fd_l 
d t \ d z  )  a sm 0 dA
+  ■
u d ( d(j)\ v d f  d 0 )  f  d 2(f) d ^
dz ) a d6 \d z  j
+ 2 + K ' dz dz
co + N 2cq -  kJ  (A 3)
1 du 1 d 
+ ( vs i n# ) +— = 0 (A.4)
asmO dA as \n6  d6  p  dz
where A, 0 and z are longitude, latitude, and log-p altitude; u, v and co are zonal, 
meridional and vertical velocity, respectively; (j) is the geopotential; p is density; N2 is 
a measure o f stability and is defined by equation A .5; k  is the ratio o f  the universal gas 




+ tcT (A.5) k  = —  (A.6)
where Ts(z) is the mean temperature; R is the universal gas constant; Cp being the 
specific heat at constant pressure; a is the radius o f  the Earth; Q  is the Earth’s rotation 
rate and J is the heating rate.
By expanding each wave field, f, into an asymptotic series o f  power o f  a small 
parameter e:
/  = ........
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a hierarchy o f  equations o f  increasing order is obtained. The zero-order equations 
correspond to zonally averaged parameters; linear tides and planetary waves are 
generated by the first-order equations. The second-order equations represent a family 
o f  w aves forced by the advective terms in the basic non-linear equations (A. 1. -  A .4 ) , 
these are known as ‘secondary w aves’ and have solutions o f  the following form:
f  = f (6 )e , e*°'*’l*'a)(A.7)
where
a  = crpl ±  o"p2 s = sn ±  sp2 k = kP]± kP2
with a ,  s and k representing wave frequency, zonal wave num ber and vertical wave 
num ber, respectively. The subscripts PI and P2 refer to the first and second primary 
waves. By com bining the four equations governing the structure o f  secondary waves, 
a single equation for the meridional structure o f the geopotential can be obtained and 
solved
A.3. Observing Non-Linear Interactions
A.3.1. Secondary Waves
Secondary waves are a natural consequence o f a non-linear interaction between two 
waves. The production o f these secondary waves can then modulate the amplitude o f 
the original primary waves, c.f. linear superposition o f  waves
P rim ary  W ave 1 P rim ary  W ave 2
frequency, coi
A frequency, ( 0 2
w avenum ber, mi ^  & wavenum ber, m 2
Non-linear
^ __________________________
A family o f  secondary waves with frequencies of:
(2coi), (2 cc>2), (g>i + 0)2) and (coj - (02)
The latter two being the 'sum' and ‘difference’ waves
Figure A .l: Schematic diagram illustrating the generation o f  secondary
waves in non-linear interactions
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The most important o f these secondary waves are the ‘sum’ and ‘difference’ waves. As 
seen in equation A.7 and demonstrated in Section 3.2, the properties o f the ‘sum’ and 
‘difference’ waves depend upon the properties o f  the interacting primary waves. This 
dependence is useful when trying to observe non-linear interactions, as they provide a 
set o f physical quantities that can be measured first hand (see table A .l and Section 
4.3.3), as opposed to using statistical methods such as bispectral analysis.
P H Y S IC A L  Q U A N T IT Y S E C O N D A R Y  W A V E  
P R O P E R T I E S
FREQUENCY fsw  =  f\  — f l
HORIZONTAL W AVENUM BER SSW = Sl —S2
VERTICAL W AVENUM BER msw = m l ± m 2
VERTICAL W AVELENGTH _ \ X 2 
sw A, ± A 2
Table A .l: Table showing the dependence o f  secondary wave
characteristics on the characteristics o f the interacting primary waves
The ‘sum’ and ‘difference’ secondary waves can be easily observed in wind spectra. 
When a tide and planetary wave interact then the ‘sum ’ and ‘difference’ secondary 
waves appear as side-lobes next to the tidal signal, at the frequencies shown in table A .I. 
Figure A.2. demonstrates this point, in the case o f a 26-day planetary-wave interacting 
with the 24-hour tide.
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Figure A.2: Lomb-Scargle periodogram showing the presence o f
secondary waves caused by a non-linear interaction between the 24- 
hour tide and 26-day planetary wave
A.3.2. Q uadra tic  Phase Coupling
The following Section is present in the main text (Section 4.3.3), but is reprinted here for 
convenience. This consequence o f non-linearity can be simply demonstrated by 
considering a signal, X(t), containing two cosine waves
X (0  = A, cos(<sy + (f>x) + A2 c o s(co2t +  <j>2) (A .8 )
where A, co, <(> and s symbolize, respectively, the amplitude, angular frequency and 
phase o f  the waves and a constant. The output o f  the non-linear transformation, shown 
in equation 4.2, produces the family o f  secondary waves discussed earlier (equation 4.3). 
This system ’s output exhibits quadratic phase coupling, that is to say, the system 
produces phase relationships o f the same form as the frequency relationships
X (l)\-^  X (l)  + s X 2(t) (A .9)
=>
X (/) = Aj cos(coxt + <f)x) + A2 cos(co2t +<j)2)
+ ^  [A ] (1 + cos(2 coxt + 2^ ,)) + A\ (1 + cos{l(o2t + l(f)2))
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+ 2AtA2(cos((^y, + co2)t + (jf>x + )) + cos((^y, - o 2)t + - (j>2)))] (A . 10)
When investigating non-linear systems quadratic phase coupling is an important tool, 
however techniques, such as power spectra, based on second order statistical moments, 
do not detect phase coherence between waves. Therefore higher-order spectral 
techniques such as Bispectral analysis have to be used to find such relations (Beard et al 
1999, Kamalabadi et al 1997).
A.3.3. Bispectral Analysis
The bispectrum is a way o f analysing the non-linear relationships between different 
periodicities within a signal, x(t). Instead o f decomposing the energy o f a signal to 
produce the energy spectrum the bispectrum decomposes the cubed signal. The 
bispectrum is defined in equations A .l l  -  14, and is a function o f two frequency 
variables (Collis et a l ,  1998).
= I p U / i ,  h W f i  A .l 1
—00 —00—00
Where the bispectrum is defined as,
E ^ { f lJ>)  = X ( f l) -X( f1) ' X ( f l + f 1) A.12
And X(/) is the Fourier transform o f  the signal ;c(t). For a stationary stochastic process 
the equations a.l 1 and A.12 can be converted into the bispectrum analogue o f  the power 
spectrum (Collis et al., 1998).
£ [* 3( ')]=  ] ] 5 « . ( / , . / 2> / / ,# 2 A.13
where
Appendix  A
Inspecting equation A. 14 it is seen that, unlike the power spectrum, the bispectrum 
analyses the frequency interactions between the frequency components at fi, f2 and fi + 
f2. This property is desirable when searching for non-linear interactions in the 
atmosphere, as the bispectrum will be zero unless the two primary and a secondary wave 
are present. Therefore this technique can be used to rapidly determine the existence o f  
possible non-linear interactions within a data set. It is important to note that to 
accurately determine the existence o f non-linear interactions then the properties o f  the 
secondary waves must follow the pattern set out in table A .l .
A.4. Spectral Analysis
Spectral analysis is a way o f quantifying and identifying the periodicities within a time 
series. We are familiar with thinking about physical processes in the time domain (i.e. 
cause and effect), however a process may also be described in the frequency domain. If 
the process in the time domain is described by a function y(t), then in the frequency 
domain the process can be described by the function Y(f), where -oo< f  <00. One usually 
uses the Fourier Transform equations to map from one domain to the other (equations
A. 15) (Numerical recipes on-line, www.nr.com).
00 00
Y ( f ) = \ y { f y m d t .  and y(f)=  d f  A.15
—00 —00
The total power o f the signal is the same in both the time and frequency domains, this is 
known as Parseval’s theorem. If  the function y(t) is real and finite in time, then the 
power spectral density (PSD) o f the function y(t) is defined as,
PSDy( f )  = ^ \ Y ( f f  (0 < /> o o ) A.16
Where T is the length o f the function. In this case the PSD is equal to the mean square 
amplitude o f  the signal y(t). As T increases the PSD converges to finite values at all 
frequencies other than those where y(t) has a discrete sine-wave component. At those 
frequencies the PSD becomes a delta-function the area o f which is equal to the mean 
square amplitude o f the discrete sine-wave component.
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In the case o f the data collected by the meteor radars used in this study the data is 
discrete, i.e. sampled at evenly spaced intervals in time. If  A denotes the time interval 
between sampling then;
y(t) = y(nA) n e Z  A. 17
The sampling rate is defined as the reciprocal o f the time interval. For any sampling 
interval A the Nyquist critical frequency is given by
f c = —  A.18 
2A
In the case o f the meteor radar data the sampling interval is one hour, therefore the 
critical frequency,/;, is 12 cycles/day. Therefore the radar cannot resolve waves with a 
frequency greater than 12 cycles/day, i.e. gravity-waves.
The Fourier transform o f a discretely sampled time-series (Y(fn)) can be calculated over 
the frequency range - /  t o / ,  using equation A. 19, this is known as the Discrete Fourier 
Transform (DFT).
Y, = X  y k e 1"h" N n = 0, 1, A.19
k = 0
Where N is the number o f samples o f the signal, y. The inverse discrete Fourier 
transform is
Y n n =  0, 1, A .20
It is seen from equations (A. 19-20) that with N samples the Discrete Fourier Transform 
(DFT) produces no more than N independent outputs. Therefore, the DFT does not 
estimate the full Fourier Transform Y(J) at all values o f frequency, instead the DFT 
estimates only at discrete values o f frequency, fn, where;





The use o f  the Fourier Transform is limited in the atmospheric sciences for two reasons.
1. The Fourier Transform implicitly assumes that the time-series being 
analysed is stationary (i.e. the statistical properties o f the process do not 
change with time). Truly stationary processes are never seen in the 
atmosphere, e.g. the amplitude and phase o f  the tides changes on a day- 
to-day basis.
2. Time-series o f horizontal winds calculated using the meteor radar 
technique occasionally contain intervals where it was not possible to 
calculate a reliable wind vector. Such intervals represent periods o f low 
meteor count rates, power cuts, very localised disturbances in the wind 
field over the radar, etc. These intervals mean that the data are not 
evenly sampled! This breaks the primary assumption o f  the Fourier 
Transform! This effect is mainly encountered on the Ascension Island 
radar where the large diurnal cycle in meteor count rates can produce 
very low count rates in the afternoon.
The effect o f such intervals on a Fourier transform can be investigated by using an 
artificial time series. The artificial time series used in this investigation is 30-days long 
and simulates a 24-hour tide o f amplitude 100 m s'1. The effect o f randomly placing 5 
gaps per day in this time series can be seen in Figure A.3, for reference the Fourier 
transform o f the original time series is also shown. It can be seen that placing such gaps 
in a time series raises the noise floor o f the spectrum and broadens the peak at a period 
o f 24-hours.
Closer inspection o f the hourly wind data from the Ascension Island radar from 2002 
reveals that more gaps appear in the afternoon than in the morning. The actual 
distribution o f  gaps in the Ascension Island wind data, in the height range 95-100 km, is 
shown in Figure A.4. The distribution has a low near constant value from 0-12 hours 
LT; from 12-18 hours LT the number o f gaps measured in the wind data increases, the 
distribution peaks at this point then drops back to morning values.
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Figure A.3: Fourier transformations o f  the artificial time series
without any gaps (solid black line) and with gaps (dashed red line).
The two main contributions to this distribution are:
1. The 8 6  days o f ‘dow ntim e’ the Ascension Island radar had in 2002, 
represented by the shaded box in Figure A.4.
2. The low meteor count rates measured by the Ascension Island radar in 
the afternoon.
-  Distribution used in simulation 
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Figure A.4: Distribution o f  the gaps in the Ascension Island data 




To investigate the effect o f  such a distribution o f m issing data on the Fourier transform, 
a num ber o f artificial time series o f length 30-days containing a 24-hour period wave 
were created with a data distribution mimicking the one shown in Figure A.4. As an 
example, a data gap distribution o f one o f  the artificial time series is also shown in 
Figure A.4. as a red dashed line.
The effect o f  such a distribution o f  gaps in the hourly wind data on a Fourier transform 
is shown in Figure A.5. The noise floor o f  the spectrum is raised and significant 
amounts o f  power are observed at higher harmonics. A d.c. term  is also apparent. The 
peak at a period o f 24-hours is the dominant feature o f  the spectrum, however the peak 
has broadened and underestimates the amplitude o f the simulated oscillation by - 1 0 %.
100n
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Figure A5: Fourier transformations o f  the artificial time series without 
any gaps (solid black line) and with gaps (dashed red line).
This leakage gets worse if  no data is recorded in the afternoon, in this case considerable 
power is seen in the d.c.term and the higher harmonics. This is shown in Figure A .6 .
In conclusion, Fourier transforms have considerable difficulty analysing data with 
periodic data gaps, this manifests as a raising o f the noise floor as well as peaks at the 
higher harmonics and the constant (d.c.) term. This is due to the breakdown o f the even 
sampling grid and signal stationarity assumed in the Fourier transformation. The 
spectral leakage observed in the Fourier transform caused by the intervals o f  missing 
data can cause spurious peaks in spectra invalidating the usefulness o f  this technique, 
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Figure A6: Fourier transformations o f  the artificial time series without any 
gaps (solid black line) and with no afternoon data (dashed red line).
A.4.2. The Solution - The Lom b Scargle Periodogram
A spectrum identifies and quantifies periodicities in a time-series. One o f  the easiest 
and most commonly used methods o f producing a spectrum is the Fourier transform. 
However, in Section A.4.1 the problem o f  spectral leakage caused by periodic gaps in 
the data was introduced. This problem invalidates the use o f  a Fourier based spectrum; 
another approach is needed.
The Lomb Scargle periodogram is a different method o f spectral analysis developed for 
investigating unevenly sampled data. This technique mitigates the effects o f  the missing 
data problem. Developed by Lomb (1976), and additionally elaborated by Scargle, the 
Lomb Scargle method evaluates data, sines and cosines, only at times that are actually 
measured. Hence, it weights the data on a “per point” basis instead o f  on a “per time 
interval” basis, when uneven sampling can render the latter seriously in error.
Suppose that a time-series contains N data points, y b observed at times, t„ then the 
Lomb-Scargle normalized periodogram is defined as




W here, x  and a 2 are the mean and variance o f  the time series, and x is defined by the 
relation,
Y  sinfefttf )
tan (2® r) = = 2  (A.23)
>  cos (2
This formulation o f the offset, x, makes Y t ( co)  independent o f  any shifting o f  the time 
co-ordinate. This offset also makes equation A.23 the equivalent to estim ating the 
harmonic content o f  the input signal by least-squares fitting to the model;
y(t) = Acos(cot) + Bsin(cot) (A.24)
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Figure A .7. Comparison o f  L om b-Scargle periodogram and Fourier 
Transform.
Figure A .7. shows a comparison between the Fourier transform and the Lomb-Scargle 
periodogram. The dataset used is 30-days in length and contains a 24-hour period 
signal, the data between 16:00 -  20:00, was removed. This figure reveals the 
advantages o f using the Lomb-Scargle periodogram. The peaks at higher harmonics and 
the constant d.c. term observed when this dataset was analysed with a Fourier transform 
are absent when the data were analysed with a Lomb-Scargle periodogram.
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Appendix B
Spatial Structure Of The Equatorial 
Tides From GSWM 2002
B.l. Introduction
In this appendix the spatial structure o f the equatorial 12- and 2 4 -  hour tides, at a height 
o f 90.6 km, will be presented. The GSW M  2002 model not only predicts the motions o f 
the migrating tides, but can also predicts motions due to the non-migrating components 
o f the 12- and 24- hour tides. Therefore the characteristics o f the various components o f 
the 12- and 24-hour tidal fields will depend on latitude and longitude.
In Section B.2 the spatial structure o f the 12-hour tide is presented. The spatial structure 
o f the 24-hour tide is presented in Section B.3. The structures o f the tides are presented 
as a series o f Figures, each Figure containing twelve latitude-longitude contour plots,
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each representing a month. Each contour plot represents a 360° long, x 24° lat. ‘slab’ o f 
atmosphere centred on the equator, and has a resolution o f 5° longitude x 3° latitude.
B.2. T he E q u a to ria l 12 -  H o u r T ide
To investigate the vertical structure o f the 12-hour tide the following Figures show the 
spatial structure o f the 12-hour tide at a height o f 90.6 km.
The amplitude o f the equatorial 12-hour tide in the meridional component, at 90.6 km is 
shown in Figure B .l. A clear seasonal cycle is seen at this altitude; low amplitudes are 
observed in solstice conditions, maximum amplitudes are observed in equinox 
conditions. Maximum amplitudes (~ 10 m s'1) are observed in March at; -9 0 °  E, -180° 
E and ~ 270° E in the Northern Hemisphere and at 90° E and 315° E in the Southern 
Hemisphere. The latitudinal structure o f the tide contains a minimum at the equator 
with maxima between ±6°-12° latitude.
The amplitude o f the modelled 12-hour tide increases with height and has faster 
amplitude growth with height in equinox conditions than at any other time.
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Characteristic: Amplitude Component: Meridional Height: 90.6 km
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Figure B. l :  Contours o f  the amplitude o f  the meridional 12-hour tide, at 
latitudes less than 12°. Contours are spaced 1 m s'1 apart.
The am plitude o f the equatorial 12-hour tide in the zonal component, at 90.6 km is 
shown in Figure B.2. The clear seasonal cycle apparent in the meridional com ponent is 
not seen at this altitude. M aximum amplitudes (~ 6  m s '1) are observed in N ovem ber - 
January at -3 0 0 °  E in the Northern Hemisphere and at 150° E in the Southern 
Hemisphere, corresponding with South America and Oceania respectively. The 
latitudinal structure o f  the tide suggests the amplitude o f the tide is mainly independent 
o f  latitude in the equatorial regions.
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Characteristic: Amplitude Component: Zonal Height: 90.6 km
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Figure B.2: Contours o f  the amplitude o f  the zonal 12-hour tide, at latitudes 
less than 12°. Contours are spaced 1 m s'1 apart.
The monthly mean phase, in U.T., o f the equatorial 12-hour tide in the meridional 
com ponent at 90.6 km is shown in Figure B.3. The longitudinal structure o f  the tide 
displays clearly two cycles 'w rapped’ about the equatorial regions, as expected. The 
phase o f  the tide decreases in June-August, this decrease can also be seen in the 
Ascension Island data shown in Figure 4.14 a. The latitudinal structure o f the tide 
reveals that the phase o f  the 12-hour tide in the Northern Hemisphere is in anti-phase 
with the tide in the Southern Hemisphere.
007
Appendix B
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Figure B.3: Contours o f  the phase o f  the meridional 12-hour tide, at
latitudes less than 12°. Contours are spaced 1 hour apart.
The monthly mean phase, in U.T., o f  the equatorial 12-hour tide in the zonal com ponent 
at 90.6 km is shown in Figure B .l4. The longitudinal structure o f the tide displays 
clearly two cycles ‘w rapped’ about the equatorial regions, as expected. The structure o f 
the tidal phase changes on a seasonal timescale, maximum tidal phases are reached at 
-1 2 0 °  and -3 0 0 °  longitude with a slight advancement o f  tidal maxim a observed in 
M arch-A pril and September-November. The latitudinal structure o f the tide reveals that 
the phase o f the 12-hour tide in the Northern Hemisphere is in phase with the tide in the 
Southern Hemisphere.
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Characteristic: Phase Component: Zonal Height: 90.6 km
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Figure B.4: Contours o f  the phase o f  the zonal 12-hour tide, at latitudes less 
than 12°. Contours are spaced 1 hour apart.
This Section reveals the importance o f  considering the effects o f  non-migrating tides 
when comparing results from several different ground stations (Section 4.6). Using 
traditional tidal theory stations at the same latitude should observe similar tidal phases 
and amplitudes. However, large differences in tidal amplitudes are recorded at stations 
with similar latitudes, highlighting the importance o f non-migrating tides.
The next Section will present results from the GSWM 2002 model for the 24-hour tide.
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B.3. The Equatorial 24-H our Tide
The amplitude o f the equatorial 24-hour tide in the meridional component, at a height o f 
90.6 km is shown in Figure B.5. A clear seasonal cycle is apparent at this altitude; low 
am plitudes are observed in solstice conditions, maximum amplitudes are observed in 
equinox conditions. M aximum amplitudes (~ 80 m s '1) are observed in October, the 
strong S = 4 tidal mode is also present at this altitude. The latitudinal structure o f the 
tide contains a minimum at the equator amplitude increasing poleward.
The am plitude o f the modelled 24-hour tide increases with height and has faster 
amplitude growth with height in equinox conditions than at any other time.
Characteristic: A m p li tu d e  Component: M e r id io n a l  Height: 90 .6  k m
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Figure B.5: Contours o f  the amplitude o f  the meridional 24-hour tide, at 
latitudes less than 12°. Contours are spaced 1 m s'1 apart.
■
The am plitude o f the equatorial 24-hour tide in the zonal component, at 90.6 km is 
shown in Figure B.6 . A clear seasonal cycle is apparent at this altitude; low amplitudes 
are observed in solstice conditions, maximum amplitudes are observed in equinox
Appendix B
conditions. M aximum amplitudes (~ 80 ms"1) are observed in October, a strong S = 4 
tidal mode is also present at this altitude. The latitudinal structure o f the tide contains a 
m inimum at the equator with amplitude increasing poleward.
The amplitude o f  the modelled 24-hour tide increases with height and has faster 
am plitude growth with height in equinox conditions than at any other time.
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Figure B.6: Contours o f  the amplitude o f  the zonal 24-hour tide, at latitudes 
less than 12°. Contours are spaced 5 m s'1 apart.
The monthly mean phase, in U.T., o f  the equatorial 24-hour tide in the meridional 
com ponent at 90.6 km is shown in Figure B.7. The longitudinal structure o f  the tide 
displays clearly one cycle 'w rapped’ about the equatorial region, as expected. The 
phase o f  the tide decreases in January and December. The latitudinal structure o f  the 
tide reveals that the phase o f  the 12-hour tide in the Northern Hemisphere is in anti­
phase with the tide in the Southern Hemisphere.
The modelled 24-hour tide generally decreases with height. Such a decrease is 
indicative o f  upward propagation.
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Figure B.7: Contours o f  the phase o f  the meridional 24-hour tide, at
latitudes less than 12°. Contours are spaced 1 hour apart.
The m onthly mean phase, in U.T., o f  the equatorial 24-hour tide in the zonal component 
at 90.6 km is shown in Figure B.8 . The longitudinal structure o f  the tide displays clearly 
one cycles ‘wrapped' about the equatorial region, as expected. The structure o f  the tidal 
phase changes on a seasonal timescale, tidal phases advance from low January values to 
higher ‘sum m er’ values except for central Africa in Nov ember-January where phases 
jum p by ~ 6  hours. The latitudinal structure o f  the tide reveals that the phase o f the 2 4 - 
hour tide in the Northern Hemisphere is in phase with the tide in the Southern 
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Figure B.8: Contours o f  the phase o f  the zonal 24-hour tide, at latitudes less 
than 12°. Contours are spaced 1 hour apart.
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The importance o f  considering non-migrating tides when looking at the observations 
from many ground stations cannot be overstressed. The effects o f  such non-migrating 
com ponents on the structure o f  the tides is readily seen; in the case o f  the 24-hour tide a 
strong S = 4 latitudinal dependence can be observed in the zonal component, see Figure
B.6; in equinoctial conditions a similar S = 4 dependence can be seen.
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Appendix C
Polar Diagrams Of Radar Performance
In this appendix the performance o f the Skiymet radar antenna field will be introduced 
and quantified.
The polar diagram o f transmitter gain is shown in Figure C .l, the azimuthal dependence 
o f  the transmitter (Figure C .l a) is minimal; a difference o f ~1 dB present between 
maximum and minimum gain. Maximum gain is reached at the cardinal points o f the 
compass, with minimum gain at the half-cardinal points. The receiver gain shown in 
Figure C.2 a also follows this behaviour.
The dependence o f  transmitter gain on elevation is shown in Figure C .l b; a difference 
o f  ~2 dB is present between maximum gain at 90° elevation and the gain at 30° 
elevation, at angles below 30° the transmitter gain decreases rapidly. The dependence 
o f receiver gain on elevation is shown in Figure C.2 b; a difference o f ~1 dB is present
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between maximum gain at -4 0 °  elevation and the gain at 30° elevation, at angles below 
30° the transm itter gain decreases rapidly. At elevation angles above 40° receiver gain 
is within ldB  o f  maximum.
In conclusion, the antenna array is optim ised to detect objects at elevation angles over 
30°.
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Figure C.l:  Polar diagram o f  transmitter (Tx) gain o f  the ‘all-sky’ antenna 















Figure C.2: Polar diagram o f  receiver (Rx) gain o f  the ‘all-sky’ antenna 
array used by the Skiymet system, with respect to a.) azimuth and b.) 
elevation.
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